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General introduction
Already since the birth o f mankind, crystals have fascinated many people. In 
the early days a lot o f magic powers were dedicated to the shiny, facetted minerals 
found in the earth. Although the magic powers only exist in myths and fantasy stories, 
the fascination still remains. The best known examples are o f course gems, like 
diamonds and rubies. Everywhere in the world, museums can be found exhibiting 
minerals in the nicest shapes and colors.
Figure 1.1 Four crystals which can be seen during a winter morning breakfast (a) 
Ice and water (b) Salt single crystals observed under a microscope (c) Fat, 
spherulites appearing by crystallising palm oil (d) Sugar crystals.
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General introduction
Many people think that these crystals are the only examples, however crystals 
are everywhere. Many solid materials are crystalline. Already at breakfast in a winter 
morning we are confronted with four different types of crystals: sugar, salt, fats and 
ice crystals on the windows. In figure 1.1, four images of salt, sugar, fat and ice 
crystals are depicted. it can be seen that the appearance of these crystals is rather 
different.
A close look in the salt or sugar pot immediately shows the existence of tiny 
block-shaped crystals. On windows, ice dendrites can be seen with shapes that 
sometimes look like leaves of a fern. However, if  we look at the butter we spread on 
the bread in the morning, we don't see any crystals: we need a microscope. We then 
see that the crystals form aggregates of small needles called spherulites, which 
sometimes look like haystacks, or, more often sea urchins. This example shows that 
there are many different crystalline materials, which may also appear in many 
different shapes.
in this introductory chapter i  shall first give a short introduction into crystal 
growth. Hereafter, the rich "zoo" of various fats will be presented, since most of this 
thesis is concerned with this material. In the third part some details on growing fat 
crystals are discussed. Finally, the introductory part is ended with an overview of the 
rest of this thesis.
1.1 Crystals and crystal growth
Crystals can be regarded as molecular buildings, in which the atoms or 
molecules are the bricks. As placing bricks in a nicely ordered fashion makes a good 
building, ordering the atoms and molecules in a three-dimensional way results in 
crystals. To indicate the size of atoms compared to crystals, in the case of, for 
example, a rock salt crystal of only one cubic millimeter, approximately 3.4 million x 
3.4 million x 3.4 million sodium and chloride atoms make up the crystal.
since the size of atoms and molecules is many times smaller than the 
wavelength of visible light (approximately 500 nm), optical microscopes cannot be 
used to identify the contents of a single molecular building block. The wavelengths of 
X-rays (0.1-100 A) are of the same order of magnitude as that of atoms and 
molecules, but it is still not possible to build an X-ray microscope to visualize the 
individual molecules. One major problem in the construction of an X-ray microscope 
is to make usable lenses. However if a good single crystal is obtained of about a 0.1 
millimeter size in all dimensions, X-diffraction can be used as an indirect technique to 
solve the crystal structure itself, i.e. the molecular packing within a single building 
block. Nowadays, over 230.000 crystal structures have been solved and have been
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collected in large databases, and this number is still increasing. The databases contain 
approximately 220.000 small molecules and 13.000 protein structures. Nowadays 
only 6 fat crystal structures have been elucidated, out of a few hundred possible 
different fat molecules, as will be discussed below. This shows that elucidating the 
structures of small molecules and simple proteins is a routine job at present day. 
However, for large molecules like fats and especially complicated proteins, this is still 
not the case and a lot of efforts have to be made in elucidating their structure.
Figure 1.2 Two AFM images o f fat surfaces. (left) Raw height image showing 
straight step patterns on the {001} surface o f tribehenin (22.22.22). Each step is of  
monomolecular height, i.e. the height o f a single building block. (right) Molecular 
contrast image o f the {001} face o f tripalmitate. Note that the lateral size o f right 
image is 1500 times smaller the left image.
Besides X-rays, also scanning probe techniques are used to determine the 
positions of individual atoms and/or molecules within crystals. In these techniques 
only the (parts of the) molecules that make up the crystal surface can be investigated. 
In Atomic Force Microscopy (AFM), which is a scanning probe technique often used 
in crystal growth, a tiny needle, with an almost atomically sharp tip, is moved gently 
over the crystal surface. Images of local height variations of the crystal surfaces are 
obtained by translating the small forces, which are measured by the AFM and come 
along with the controlled lateral movements, into height variations. If one is fortunate, 
the height differences induced by individual molecules can be probed. Normally one 
is only capable of imaging step patterns on crystal surfaces. For example in figure 1.2, 
a "raw" AFM-image showing local height variations on a crystal surface of a fat 
crystal and a molecular contrast image of a fat crystal are depicted. It must be noted 
that since the size of the AFM tip is probably (much) larger than the individual
11
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surface molecules; the images are always convoluted images, rather than images of 
individual molecules.
Crystal growth science is watching molecular buildings being built and trying 
to understand how and why nature builds the crystals in the way they are. The 
simplest picture of crystal growth is regarding it as the result of a competition 
between two "forces": (i) minimization of energy, which means the smallest amount 
of crystal surface, and (ii) transport of building blocks towards the growing crystal 
surfaces. The blocky shapes of the sugar and salts crystals are the result of minimal 
amount of surface, while ice dendrites and fat spherulites are examples for growth 
limited by transport.
Figure 1.3 (left) Transport dominated crystal growth (right) Crystal with 
minimal amount of surface. Each cube represents one building block.
Consider the simplest model of a crystal; the two-dimensional Kossel crystal. 
This crystal is made up from simple square building blocks, which have only 
interactions with neighboring building blocks within the crystal. Two processes then 
determine the growth of such crystals: the transport of new building blocks towards 
the crystal surface and placing them onto each other. In figure 1.3, two extreme 
situations are depicted of what may happen if transport (1.3 left) or minimal energy 
(1.3 right) dominates the growth process. For crystal growth processes, a good 
assumption is that building blocks come from far, therefore, the fastest way to grow 
crystals is to keep the transport route as short as possible, hence towards the nearest 
surface place available. This implies that for transport limited growth always open 
structures are obtained. Since nature tends to go to a minimal free energy situation, 
the most favorable position for a single building block is one with the largest amount 
of neighboring building blocks. "Reorganization-processes" make the building blocks 
to move from the initially position arrived towards more favorable positions. In
12
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general, transport dominated shapes slowly transform into shapes with a smaller 
amount of surface, as can be seen in chapter 7, although this may sometimes take a 
very long time.
A clever mind might argue that a sphere is the three-dimensional shape with 
the smallest amount of surface for a given volume. However, from a sphere made up 
of a regular stack o f building blocks, most o f the building units that are positioned at 
the surface can be removed relatively easily, since these are only connected with two 
or three sides to another building block. From a clever built cubic building, however, 
only the building blocks positioned at the corners, which are still connected with three 
sides to other building blocks, can be removed easily. The other building blocks have 
five neighbors and are solidly anchored into the crystal. This is also the reason why 
most crystals have sharp corners and nicely planar surfaces. In physics terms, this is 
because the surface energy is orientation dependent, which makes the cube the most 
favorable shape of a Kossel crystal.
1.2 Paraffins, fats and oils
If we look closer to the butter we spread on our bread, we see a complex 
mixture of water and different fat molecules. As we all know, water and fat do not 
mix at all, and water is only present to make it easier to butter the bread and more 
importantly, it is o f course cheaper and healthier to sell a larger amount of water than 
fat. However, in this thesis we tried to study the growth of pure fat crystals, so without 
any water present. Fats that are used for food processing, are always complex 
mixtures of different types o f fat molecules.
FIGURE 1.4 (a) Chemical structure diagram o f a general triacylglycerol molecule. 
(b) Specific structure ofa  tripalmitate (16.16.16) molecule.
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In figure 1.4, the chemical structure diagram of a general triacylglycerol 
molecule and the specific structure o f a tripalmitate molecule are depicted. A single 
fat molecule, or triacylglycerol (TAG), consists o f three long chains, indicated with 
Ri, R2 and R3 that are connected to a central glycerol basis. Each chain is a carbon 
chain with a specific length and number o f double bonds (the degree o f saturation). 
Chains o f approximately 10-20 carbon atoms and 0-3 double bonds normally 
characterize fats and oils occurring in nature. This makes fat, similar to n-alkanes and 
fatty acids, so-called long chain compounds, since all these molecules have rod-like 
shapes. Crystallizing long rod-like molecules is far from easy.
T a b le  1.1 Fatty acid nomenclature, which make up the triacylglycerols
Fatty acid name Chain length:
Abbreviation
Systematic Trivial Double bonds
Decanoic Capric 10 C
Dodecanoic Lauric 12 L
Tetradecanoic Myristic 14 M
Hexadecanoic Palmitic 16 P
Heptadecanoic Margaric 17 Ma
Octadecanoic Stearic 18 S
Octadec-cis-9-enoic Oleic 18:1 O
Octadec-trans-9-enoic Elaidic 18:1 E
Octadec-cis-9,
cis-12-dinoic
Linoleic 18:2 l
Icosanoic Arachidic 20 A
Docosanoic Behenic 22 B
The nomenclature for n-alkanes is simple and non-confusing, and is given by 
the rules we all learned during chemistry classes in high school. The n-alkanes 
discussed in this thesis are truly long chain compounds, such as tricosane (n-C23H46), 
pentacosane (n-C25H52) and dotriacontane (n-C32H66). As can be seen from their 
nomenclature, being able to count in Greek is sufficient. For fats, however, several 
nomenclatures exist in literature, depending mostly on the origin o f the publications. 
The systematic nomenclature is rarely used, since the names are simply too long to fit 
on a single line for slightly complicated fat molecules. Since fat molecules are per 
definition esterifications o f three different fatty acids with glycerol, indication o f the 
fatty acids is sufficient. Papers, which are closely related to industry use the trivial 
nomenclature o f the three fatty acid chains in a three-letter code. For example, LML is 
the abbreviation for 1,3-dodecanoyl-2-tetradecanoyl-glycerol. In table 1.1, the
14
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nomenclature for several important fatty acids is given. Another method to indicate 
specific fat molecules is the nomenclature introduced by De Jong and van Soest (de 
Jong & van Soest, 1978), which only indicates the chain lengths and double bonds of 
each fatty acid. In this case LML is denoted as 12.14.12. Note that complications may 
occur for fats, which contain unsaturated fatty acids, since in this notation the place of 
the double bond is not indicated. However, in this thesis only saturated fat crystals 
will be treated.
The list o f fatty acids that is given here is far from complete. However, these 
are the most important fatty acids making up the triacylglycerols occurring in natural 
food ingredients. All these TAGs have melting temperatures o f the order o f room 
temperature. Room temperature distinguishes fats and oils: fats are TAGs with a 
melting point above and oils below room temperature. The melting temperature is 
mainly a function o f the length of the chains and, more importantly, the number of 
double bonds. For example, the melting temperature o f SSS or 18.18.18 is 55 °C, 
while for OOO or 18:1.18:1.18:1 it is only -15 °C. Trioleate or OOO is an important 
ingredient o f olive oil, SSS o f chocolate. Although SOS and POP are the most 
interesting TAGs for food industry, almost nothing is known about their structure, 
since all TAGs that contain cis-double bonds are extremely hard to crystallize as 
single crystals.
1.3 Fat Crystals
Under a given set o f thermodynamical conditions, all fat crystals possess two 
or more different solid phases (Hageman, 1989), which are normally called the a, f t  
and ft polymorph. Each phase is important for a class o f food ingredients. For 
example, the ft -phase is important for margarine, while the ft-phase is important for 
chocolate. In figure 1.4, a general crystallisation diagram for fats and oils is given. It 
can be seen that the metastable a-phase can only be reached by fast crystallization and 
transforms normally into the more stable ft- and/or ft  -phase via a solid-solid phase 
transition. The latter two phases can also be obtained by slow crystallisation.
15
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F ig u re  1.5 General crystallisation diagram offats and oils.
The nomenclature o f the polymorphs originates from the number o f  dominant 
peaks present in the powder diffraction patterns o f the specific TAGs. These dominant 
peaks reflect the packing o f the alkane chains and therefore the polymorphic 
nomenclature also originates form the similar polymorphic behaviour o f n-alkanes 
(Turner, 1971). The appearance o f the major peaks can be explained by introducing a 
“subcell” which is formed by individual CH2 fragments o f the TAG or n-alkane 
molecules. Hence, this subcell corresponds with one layer o f single CH2 fragments of  
the molecules. Figure 1.6 shows the characteristic subcell packings o f the ft- and the 
ft -polymorph. Upon drawing a few two-dimensional unit cells it can be seen that six 
other CH2 fragments surround every CH2 fragment. Upon applying a (pseudo)-three 
fold rotation axis along the central axis o f one fragment three different close packed 
rows o f fragments can be distinguished. If the symmetry is truly hexagonal, these 
rows have an identical thickness dhkh which are replicated as one single peak in the 
powder diffraction pattern. The a-phase is characterised by a random orientation o f  
the alkane chains, which results in a truly hexagonal symmetry. This implies that the 
powder diffraction pattern o f the a-phase only shows one major peak at 4.15 A. The 
projected unit cells o f the f t ’- and ft-phase as shown in figure 1.6, show a slightly 
distorted hexagonal pattern, leading to an orthorhombic and triclinic packing 
respectively. This makes one thickness dhki differ from the other two for the f t ' and 
makes all the three thickness different for the ft phase. Hence, the ft ’ polymorph is 
identified by two major peaks at 3.8 A and 4.2 A and the ft polymorph by three peaks 
at 3.7 A 3.9A and 4.6 A(van Malssen, 1994).
16
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FIGURE 1.6 Two-dimensional subcell lattice o f the fi'-polymorph (left) and o f that 
o f the fi-polymorph (right) projected perpendicular to the straight carbon chains. 
The small and large spheres represent two CH2 fragments, with the black part 
situated above the grey one. Note that the orientations o f the fragments also differ 
for both packings.
The first crystallographic studies o f pure fat crystals were all devoted to ft 
n.n.n TAGs, where n is even. These TAGs can be obtained in pure form quite easily 
and are moreover easy to crystallize as large enough single crystals suitable for X-ray 
diffraction analysis. Already fifty years ago Vand and Bell (Vand & Bell, 1951) were 
the first to publish data concerning the structure o f the chains present in 12.12.12. 
However, it lasted until 1964 before the first complete structure o f 12.12.12 was 
published by Larsson (Larsson, 1964). The triclinic unit cell consists of two molecules 
and both molecules have a so-called tuning fork conformation, which is characterised 
by the fact that Ri and R3 are pointing in the same direction and R2 in the opposite 
direction as depicted in figure 1.2b. Another possible conformation would be the chair 
conformation, where Ri and R2 point in the opposite direction of R3. In 1999 van 
Langevelde et al. (van Langevelde et al., 1999a) elucidated the structure of 16.16.16 
and showed that this fat molecule, together with other n.n.n fats make up a 
homologous series, which was already suggested earlier by, for example, de Jong (de 
Jong, 1980). This implies that by changing the length o f the alkane chains all crystal 
structures within this family can be reconstructed. For example, it can be seen in table
1.2, that only the c-axis changes linearly with increasing chain length of the alkane 
chains. This iso-structural behavior o f specific series of fats is very useful, because if 
the structure of one member o f a series is elucidated. The structures of the other 
members is given by elongating or shortening each alkane with the corresponding 
difference in number o f carbon atoms of the TAG molecules. In figure 1.7, the 
structure of 16.16.16 is depicted.
17
General introduction
Table 1.2 Crystallographic data for the homologous n.n.n TAGs. Here the chain 
length is indicated with n.
10 12 14 16 18 20 22
a [A] 14.3 14.3 14.2 14.2 14.1 14.1 14.0
b [A] 5.5 5.5 5.5 5.5 5.5 5.5 5.5
c [A] 33.5 38.9 43.8 48.8 53.7 58.8 63.8
a  [°] 115.7 114.4 113.6 113.0 111.9 111 110.1
ft [°] 127.0 125.0 124.2 123.8 122.9 122.3 121.6
Y [°] 57.1 58.7 57.0 57.7 57.3 57.4 57.3
The crystal structure of ft trans-18:1.18:1.18:1 or EEE, which implies trans­
double bonds in the ninth carbon atom of the alkane chains counted from the methyl­
end, was solved by Culot et al. (Culot et al., 2000) very recently. This crystal structure 
is similar to 18.18.18 with only a small shift in the straight carbon chains caused by 
the double bond. However, since cis- unsaturated TAGs are far more important for fat 
industry, still work has to be done.
Figure 1.7 Crystallographic structure of16.16.16 (left) and 16.18.16 (right)
18
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The structures discussed above are all ft-polymorphs. However, to understand 
fat crystals, also the structures of the other polymorphs have to be elucidated. Certain 
TAG crystals have the f t ’ polymorph as the most stable phase. If a crystal of a large 
enough size can be grown, then their structure can be solved too. A lot of effort was 
made in the growth of n.n+2.n crystals, especially by Birker et al. (Birker et al., 
1991). Unfortunately, they failed to solve the structure of 12.14.12 due to the 
existence of many micro-twins in the crystals. Based on this unfinished work, van de 
Streek et al. (van de Streek et al., 1999; van de Streek et al., 2000) published a 
concept structure of n.n+2.n TAGs using molecular modeling, which closely agreed 
with the powder diffraction patterns of these compounds. For this iso-structural series 
of n.n+2.n (n = even) TAGs, recently van Langevelde eta l. (van Langevelde et al.,
2000) succeeded to elucidate the structure of 10.12.10 using synchrotron radiation. 
This structure closely matches the proposal made by van de Streek mentioned above. 
In figure 1.7, the structure of the 16.18.16 is depicted.
Table 1.3 Crystallographic data for the homologous n.n+2.n TAGs.
10.12.10 12.14.12 14.16.14 16.18.16
a [Â] 22.8 22.8 22.6 22.2
b [Â] 5.7 5.7 5.7 5.7
c [Â] 57.7 67.4 75.9 83.8
a[°] 90 90 90 90
P H 90 90 90 90
Y [°] 90 90 90 90
The main difference between the two groups of homologous TAGs discussed 
above, is the bending of the molecules for the n.n+2.n series and the straight 
molecules of the n.n.n series. Note that this difference is reflected in the smaller 
increment of the c-axis for the n.n+2.n series (table 1.3) as compared to the n.n.n 
series (van de Streek et al., 1999; van de Streek et al., 2000). Secondly, the n.n.n 
series show the “tuning fork”, whereas for the n.n+2.n series, the molecules show a 
“chair-like” conformation.
Unfortunately, the existence of structure models for one type of ¡5- and ¡5'- 
polymorph does not give a general picture of the structure of fat crystals. This is 
emphasized by the very recently derived structure of 16.16.14 by Sato etal. (Sato et 
al., 2001), which appears rather different as compared to the ¡5' structure of n.n+2.n 
TAGs. First of all, this new structure contains molecules showing both tuning fork
19
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and chair-like conformations, which are also not bent. Moreover, the orthorhombic 
subcell packing is slightly more complicated than the characteristic 5 subcell packing 
as depicted in figure 1.6.
Making single TAG crystals to elucidate their structure, is not easy, as can be 
concluded from the amount o f effort made compared to the amount o f structural data 
obtained. Amongst others, this depends on several structural arguments, which are 
summarised below:
- The degree o f saturation o f the TAG. If cis-double bonds are involved, this 
may result in bent alkane-chains, which gives "three-dimensional" 
structures that probably don't pack easy.
- The configuration o f the TAG molecules itself; tuning fork, chair or both.
- The packing o f the alkane chains must be favourable, this implies an 
orthorhombic (5 )  or triclinic (5) subcell packing. This is not a strict 
requirement as shown for the 16.16.14 structure by Sato et al. (Sato et al.,
2001). Since the a  phase is metastable, this possibility is left out.
- The packing o f the individual TAG molecules, which can be compared to 
stacking chairs, can be done in two ways; (i) By placing the seat o f a chair 
directly upside down on top o f the seat o f a standing chair. (ii) By placing 
the back o f the reversed chair onto the seat standing chair. The second 
method results in a higher stack, which is approximately 3/2 times larger if  
the legs and back are o f equal size. For crystalline TAGs, this implies that 
the longest cell axis is two or three times an individual chain-length 
according to method (i) or (ii) respectively. In fat literature this is denoted 
by an additional -2 or -3 respectively, after the polymorph indication, a , 5 
or (5.
- The flatness o f the methyl-end terraces. For example Birker and Blonk 
(Birker & Blonk, 1993) showed that the terraces o f 12.14.12 are flat, while 
in chapter 5 it is shown that for 16.16.16 these terraces consist o f three 
different heights.
1.4 Growing fat crystals
Cooling gravy at home after cooking is an easy way to obtain crystalline fats. 
However, the growth o f larger, single crystals is not an easy task. To make the single 
crystals suitable for studying their morphology by optical microscopy or goniometry, 
the crystals must have a reasonable size in all dimensions. This also holds for the
20
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investigation o f the surface structure by AFM or the determination o f the 
crystallographic structure by X-ray diffraction. There are three common ways for 
obtaining crystals, namely, growth from the melt, from solution or directly from the 
vapor phase. For growing TAGs, only solution growth (using dodecane or acetonitrile 
as a solvent) and in some cases melt growth as found to be successful.
Note that for the different TAGs, like the fi-n.n.n or the 5 '-n.n+2.n series, 
different crystal growth methods appeared to be the best for each case. For example, 
melt growth is very suited for ft-n.n+2.n TAGs (chapter 6), while for fi-n.n.n crystals 
it does not work. In the latter case, the ¡5'- in stead o f ¡5 polymorphic form of the n.n.n 
TAGs nucleates, which results in spherulitic growth involving long needles. For the 
fi-n.n.n TAGs, dodecane was found to be a good solvent. In chapter 3, it is shown that 
this solvent is likely to interact with specific faces at the top o f the needle. This 
reduces the needle-like shape and more bulky crystals are obtained. If one succeeds in 
growing single fat crystals, always needles or plates are obtained. For example, in 
growing 16.18.16 from an acetonitrile solution, the individual needles may be 2 cm 
long, but their thickness is only 20 ^m.
The anisotropic shape o f a single TAG molecule, which makes the crystal 
form also anisotropic, imposes the major problem for growing single crystals. A  
rough morphology prediction method (the BFDH method) already used in the 
beginning o f the 20th century, states that the growth rate o f a single face is inversely 
proportional to the distance dh^ l between adjacent crystallographic planes {Ml} 
parallel to it. Hence, molecules that have a rod-like shape, as TAGs do, cause a large 
variation in distance dhki for differently oriented lattice planes and therefore a strongly 
anisotropic morphology. Moreover, the different faces that appear on the crystal 
morphology may differ to a large extent from each other, which may even result in 
different growth mechanisms o f these faces. This implies that the experimentally 
observed anisotropy o f the crystals is in general much larger than as follows from the 
morphology predicted by using the BFDH method. For fat crystals grown from 
solution, the length to thickness ratio is typically even one order o f magnitude larger. 
In chapter 2-6 this exaggerated behavior o f the anisotropy on the morphology of 
various TAGs will be discussed in detail.
1.4.1 Saturated and unsaturated TAGs
Until now, only saturated TAGs and TAGs containing one single trans-double 
bond have been crystallized successfully to elucidate their crystal structure. These 
fats have all in common that the alkane chains are straight, which probably makes 
them crystallize more easily. The crystal structures o f these fats are all made up of
21
General introduction
chair or tuning fork like conformations, with (almost) straight chains. As mentioned 
above, these TAGs are unfortunately not the ones that are most healthy or most 
important in food industry.
The most important TAGs issued in food contain at least one cis-double bond, 
like 18.18:1.18 (SOS), 16.18:1.16 (POP) or 16:1.16:1.18 (PPO). For example, in 
cacao butter, C18:1 makes up 38% of all the fatty acids present (van Langevelde, 
2000). Note that this implies that, on the average, more than one of the three chains of 
each fat molecule present in cacao butter contains a single cis-double bond. Structures 
involving such a cis-double bond must be different from the structures mentioned 
above, because they contain at least one chain that is not straight anymore. Such 
TAGs can be regarded as chairs with one broken leg having an angle of 120° between 
the two "broken strands". This causes that the shape of a single TAG molecule not to 
be rod-like anymore, and thus probably causes difficulties in obtaining larger single 
crystals. It is generally assumed that the crystal structures of SOS and POP are formed 
by a "tuning-fork-anti-tuning-fork" conformation in a "5-3" packing. Here, the 
"broken chains" are assumed to pack together, while the four remaining chains form 
two other layers above and below this "broken layer".
1.4.2 The influence of other TAGs on to the crystal
The lack of knowledge on the crystal structures of the industrially relevant 
TAGs shows that understanding food on a molecular basis is far away. This is 
enhanced by the fact that industry never uses pure TAGs, but always processes 
mixtures of different TAGs derived from natural products. For example palm oil, 
sesame seed oils or olive oil, which are extracted from the fruits of African palms, 
sesame seeds or olives respectively are main ingredients of consumer food products. 
Besides fats and oils, most food products also contain other compounds, like water in 
margarine. However, considering only the crystallization of fats, it is well known that 
only certain TAGs mix well with each other, forming "solid solutions", while others 
do not mix at all and give rise to separate crystals. A good overview can be found in 
the thesis of Wesdorp (Wesdorp, 1990), who investigated the mixing behavior of 
many different combinations of two TAGs. It can be seen that for the mixing 
behavior, the length of the long crystallographic axis is very important. In general, it 
can be stated that a small amount of shorter TAGs can be dissolved in crystalline 
longer TAGs, while a small amount of longer TAGs hardly dissolves in a shorter 
TAG. It turned out that the length of the individual TAG molecules is an important 
factor for obtaining mixed crystals.
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For example in figure 1.8 three images o f grown 16.16.16 crystals are given, 
one is grown from a pure decane solution the other two are grown with 10% 14.14.14 
or 18.18.18 added as an impurity. From the optical micrographs in figure 1.8, it can be 
seen that large basal faces o f the 16.16.16 crystals grown with 18.18.18 as an impurity 
look rather different (less shiny) than the other two cases. This indicates that the 
presence o f the larger impurity introduces many defects in the 16.16.16 crystals. It 
must be stated that this also shows that purifying a mixture o f TAGs by crystallization 
can be extremely difficult. Purification by crystallization for TAGs is more successful 
if  saturated and unsaturated fats have to be separated.
F ig u re  1.8 Three figures o f solution grown single 16.16.16 crystals, (a) Pure (b) 
With 10% 18.18.18 (c) With 10% 14.14.14. The images cover approximately 1x1 
mm2
In figure 1.9a, an AFM image o f the {001} face of a 16.16.16 fat crystal is 
shown, in which the effect o f a small-sized particle, indicated by the arrow, can be
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seen towards the growing steps. This small impurity causes a split in the step front 
moving from left to right. These crystals were grown with a small amount of 18.18.18 
present as an impurity (3%), although it can not be decided on basis of the AFM 
image, that the particle causing the splitting is a tiny 18.18.18 crystal. This shows that 
impurities are not only built into the crystal lattice itself, but are also inducing 
extended defects into the crystal, which may prohibit larger single crystals to be 
formed. In Figure 1.9b, a typical flat part of a {001} surface of 16.16.16, also grown 
with 3% 18.18.18 added, is shown. Here perturbed areas can be seen where many low 
steps cover a large flat region (below), three-dimensional objects small indicating 
small misoriented crystallites are present (middle), and a bunch of steps pass trough 
like large reentrant corner (above). This shows that the tiny differences in local 
growth history can determine the actual growth behavior of the crystal surfaces and 
thus may drastically influence the crystal morphology.
F ig u r e  1.9 AFM images o f well grown fat crystals (a) Effect o f a small-sized 
impurity on a {001} face o f a 16.16.16 crystal. The size ofthe area is 5x5 ¡um. (b) 
Many steps crossing over the surface, a three dimensional nucleus and a reentrant 
corner.
1.4.3 Spherulites
In figure 1.8, the effect of the small-sized particle is not very dramatic on the 
development of the single crystal. However, single crystals are rare in crystallizing 
fat, because the crystallites tend to form spherulites, which can be considered as 
aggregates of numerous tiny needle crystals that all originate from one (amorphous) 
three-dimensional nucleus. In figure 1.10, three different fat spherulites are depicted. 
Spherulites occur in different shapes, which sometimes may appear simultaneously as 
can be seen in figure 1.10b.
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Figure 1.10 Three different fat spherulites (a) Slowly grown radial spherulite 
obtained from a fat mixture (palm oil) at 38 °C in two dimensions. (b) Three 
dimensional spherulites grown at 35 °C. (c) Pure radial spherulite of 10.12.10 
grown at 33 °C, also grown in a two-dimensional geometry.
A remarkable growth phenomenon sometimes encountered is the following. If 
specific TAGs are grown from an acetonitril solution, first a phase separation occurs 
in the liquid, resulting in two liquid phases: one with a high and one with a low 
concentration. This phase transition is known to occur in protein crystallization as 
well (Haas & Drenth, 1999; Muschol & Rosenberger, 1997). These phases are 
metastable, and many crystallites are formed in the highly concentrated phase, which 
then protrude through the liquid-liquid interface and develop into many needle like 
single crystals radiating from the aggregate center. Similar to protein growth, the best 
crystals are obtained from the low concentration phase, which means below the 
liquid-liquid phase separation point.
Spherulitic growth is the common mechanism for TAG crystallization. If the 
habit is needle-like, these single needles will break off during removal of the 
spherulites from the solution. A shut-off effect is commonly encountered when taking 
out the crystals, prior to further examination by microscopy or X-rays. This results in 
surface contamination and numerous tiny three-dimensional TAG crystals being 
deposited on the crystal surfaces. These post-growth phenomena are of course 
undesired, especially for imaging surfaces using the AFM, but can be prevented by a 
quick wash in a little acetone.
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1.5 Crystal morphology at high supersaturation
Increasing supersaturation, which can be done by a higher undercooling when 
crystallizing from the melt, or, an increased concentration in solution growth, results 
in more spherulitic morphologies in crystallizing fats. For other compounds, 
spherulites are not observed, but rounded-off single crystals, dendritic crystals or 
fractal aggregates. The appropriate high supersaturation morphology depends on the 
following material properties in combination with the growth circumstances:
- Transport. Here we assume that the main transport mechanism is diffusion 
of building blocks from the bulk towards the crystal interface.
- Reorganization. The ability of the material to rearrange building blocks 
that arrive at the crystal surfaces towards the most energetically favorable 
positions.
- Anisotropy. The relative difference in the energy of different crystalline 
GU positions. In liquids, bond strengths do not depend on the orientation, 
while in crystals they do. If this dependency is small rounded off crystals 
are obtained.
The various morphologies that can be obtained as a function of these 
properties and in combination with the growth conditions is illustrated in the diagram 
of figure 1.11.
In equilibrium, two different forms of crystal faces may be found: rounded off 
and flat faces, which are represented by a sphere and a square-like crystal, 
respectively which are given in the center of figure 1.11. This distinction is totally 
determined by the anisotropy of the material as defined above. In physics terms, 
rounded-off crystal faces appearing on equilibrium morphologies are faces that are 
grown above their thermal roughening temperature.
Sometimes, when crystals are grown at high supersaturation, but the growth 
process is not (yet) limited by transport, then flat faces may become rounded off too. 
If hereafter, the supersaturation is lowered again, these faces may become faceted 
again, if the crystal possesses a large enough reorganization mechanism. This process 
is called kinetic roughening and will be treated in the second chapter of this thesis, 
together with thermal roughening.
If these rounded off crystals are grown with an increasing supersaturation and 
transport becomes a limiting factor, seaweed like patterns are obtained (Kassner, 
1995), which are characterized by the fact that these patterns do not show any 
symmetry-elements within their shape. Contrary to this, dendritic crystals do show
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symmetry elements, which are reflections of their underlying crystallographic lattice. 
This was already mentioned by Johannes Kepler (Kepler, 1611) who showed that the 
six-fold symmetry of the dendrites is related to the closed packing of small spheres. 
All crystals that are somehow influenced by transport show that corners and edges of 
crystals are privileged places as mentioned above. For example, if  a faceted crystal is 
grown under a transport limited mechanism, and its reorganization ability is not strong 
enough to move all arrived GU's towards an energetically more favorable position, 
hopper-like crystals are obtained. The computer simulations of Xiao and Alexander 
(Xiao, Alexander & Rosenberger, 1988) show that reorganization mechanisms as for 
example surface diffusion in vapor growth induce a morphology transition from 
faceted via hoppers to dendritic crystals. Hopper and dendritic crystals may become 
faceted immediately after growth, due to their reorganization ability, if  these faces are 
below their roughening temperatures. Note that in these cases the reorganization 
ability acts on a smaller length scale compared to the size of the crystal itself.
FIGURE 1.11 General morphology diagram. There will be morphology images 
added
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Besides these compact structures, more open structures are obtained if  the 
crystal lacks reorganization ability, especially in combination with transport 
limitation. An example is fractal aggregates obtained from Diffusion Limited 
Aggregate (DLA) process. These patterns are characterized by growth where each GU 
that arrives at the interface o f the growing aggregate, is irreversibly solidified, hence 
no reorganization ability (Witten & Sander, 1981; Witten & Sander, 1983). DLA  
aggregates differ in a similar way to fractal dendrites as seaweeds from dendrites; i.e. 
showing no crystallographic symmetry elements that reflect the underlying 
crystallographic lattice (Kassner, 1995).
1.6 This thesis
This thesis can be divided into two parts, the first part consists o f chapters 2-5 
and deals with the surface and bulk morphology o f fi-n.n.n and ft-n.n+2.n fats. In 
these chapters the concept o f the topology o f connected nets is related to the growth 
forms o f the crystals. It is shown that from the topologies found, step energies and 
kink densities can be derived, which can be used to predict the morphological 
importance o f the corresponding step or face. All these three chapters deal with fat 
crystals grown at relatively low supersaturation.
In the second part o f this thesis the supersaturation is increased and different 
implications for the morphology o f crystals are treated. In chapter 6 the transition 
between slow growth, which is determined by processes occurring at the crystal-liquid 
interface to fast growth, where transport o f GU's towards the growing interface is rate 
limiting is studied for various fat crystals. It is shown that, depending on the solvent 
used, the regime o f transport limited growth not necessarily leads to morphological 
unstable aggregates as already indicated in section 1.5. In chapter 7, the 
supersaturation is increased a little more and the morphology o f fast grown n-alkanes 
is studied. The initially grown, very thin dendritic n-alkanes recrystallize rather 
quickly into thicker crystals showing that energy minimization may set in soon after 
growth.
In the last two chapters, computer simulations are used that study both regimes 
of crystallization. Especially the effect o f recrystallization on growth morphology is 
studied in chapter 8, while chapter 9 introduces a second molecular species into the 
simulations, leading to mixed crystals.
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A general introduction is given in the latest insights in crystal morphology 
prediction. The new concepts introduced consider the role of the growth mechanism 
towards the connected net methodology of the Hartman-Perdok (HP) theory (Hartman
& Perdok, 1955a; Hartman & Perdok, 1955b; Hartman & Perdok, 1955c). It is shown 
that a clear distinction in slice and attachment energies rarely holds for slightly 
somewhat more complicated crystal graphs and causes deviations between predicted 
and observed crystal growth forms. A general method for calculating the kink density 
and the roughening temperature is presented, which can be used to determine the 
morphological importance of steps and surfaces. This method is based on the bonding 
structure of neighboring molecules derived from the crystallographic structure using 
computational chemistry. As an example, fat crystals are treated, for which the 
derivation of the bonding topology is shown in detail. Using this bonding topology the 
possible consequences for 2D and 3D morphology of fat crystals are indicated. For a 
complete analysis, however, the reader is referred to chapters 3, 4 and 5 of this thesis.
Chapter 2
2.1 Introduction
In the following section, a short summary is given of the main mechanisms 
that may play a role in the growth of crystals from the melt or solution. We will focus 
ourselves to the growth of single crystals that is mainly limited by the kinetics. In this 
review the theory of different morphology prediction models will be explained. Both 
bulk and surface models based on the bonding topology will be discussed.
Figure 2.1 Graphical representation of the {001} face o f the Kossel crystal. Gi 
denotes the number o f neighbors ofthe white GUs.
2.1.1 Monte Carlo simulations
We start by studying the growth of the simplest model crystal; the Kossel 
crystal. This crystal is made up from simple cubes or Growth Units (GUs) with an 
interaction 0  between neighboring cubes. In figure 2.1, a small two-dimensional 
island on a {001} face of such a Kossel crystal is depicted. As can be seen in this 
figure, according to the number of neighbors, i, six different GUs can be 
distinguished, which are denoted as Gi with i=1..6. This implies that G6 is a bulk GU, 
G3 is positioned at a kink site, G2 is adjacent to a step and G1 is a lonely GU on the 
{001} surface. During the last decades, this crystal is studied extensively using 
statistical mechanics or Monte Carlo (MC) simulations. In these simulations, the 
crystal surface is described by a matrix of local heights with periodic boundaries at 
the edges of the matrix. At the crystal surface, particles are randomly added or 
removed, i.e. the local height is increased or decreased according to Boltzmann 
statistics. Normally the Solid On Solid (SOS) condition is imposed, which implies 
that during the simulation only adding and removing particles is allowed which are on 
top of other particles, viewed in the growth direction. Gilmer and Bennema (Gilmer & 
Bennema, 1972a; Gilmer & Bennema, 1972b) performed these simulations using the 
following chances K+ for growth (equation. 2.1a) and Kj etching (equation 2.1b):
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Here A i  is the supersaturation or the driving force for crystallization, 0 is the 
bond strength between two neighboring GUs, T  is the temperature and k  is 
Boltzmann's constant. As can be seen from equation 2.1b, only the detachment of 
particles is dependent on the number o f horizontal neighbors j . A simulation normally 
starts with a random surface and after a number o f trials, which allows the system to 
reach a steady state, various parameters can be measured, such as growth speed or 
surface roughness. Each trial consists o f three steps:
1. Choose a random site
2. Draw another random number between 0 and 1 and check whether this number is 
smaller than K+. If this is the case, increase the local height.
3. If step 2 failed, draw another number and check whether this number is smaller 
than Kj, where j  is the number o f horizontal neighbors for this site. Decrease the 
local height if  this was successful
4. If step 3 also failed do nothing
5. Repeat this for millions o f trials and until your parameters o f interest are 
converging
In this simple model there are two degrees o f freedom, i.e. 0 and A i. The 
growth rate is normally expressed as the sticking fraction S, which is defined by:
„ # attachments-# detachments
S = ----------------------------------------. (2.2)
#attachments
In figure 2.2, the sticking fraction obtained by Gilmer and Bennema (Gilmer
& Bennema, 1972a) is shown as a function o f two dimensionless parameters a=40 /kT  
and p=Ai/kT
The Jackson factor a  (Jackson, Uhlmann & Hunt, 1967) can be considered as 
a dimensionless enthalpy o f dissolution o f a two-dimensional crystal that can be made 
up from one growth layer. For our case o f the {001} face o f the Kossel crystal, this is 
therefore the summation o f all bonds between one GU and its horizontally 
neighboring GUs:
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a(hkl ) = Y 0  = 4 0  
v 7 V kT  kT (2.3)
F ig u r e  2.2 Various growth rate versus supersaturation curves for different bond 
strengths obtained from MC simulations by Gilmer et al. (Gilmer & Bennema, 
1972b). Here a=40/kT and 3=Al/kT.
2.1.2 Two-dimensional nucleation and rough growth
In figure 2.2 two crystal growth modes as a function of supersaturation can be 
distinguished; a linear relation for low a  and/or high 3 (=Ai/kT) and an exponential 
relation for low 3  and sufficiently high a. The linear growth mode, or rough mode, is 
characterized by rounded-off surfaces, while the exponential growth mode shows flat 
surfaces on a macroscopic scale. In the flat-mode, birth and spread of small nuclei 
determines the growth of perfect crystals. The transition between the two modes can 
be reached in two different ways, which are called kinetic (increasing 3) and thermal 
roughening (decreasing a). Only close inspection of the data shows that the 
dimensionless thermal roughening temperature 6 R is approximately 2.5 (Bennema & 
Eerden, 1987; Swendsen, 1977), where 6=2kT/@. This implies that flat faces are only 
observed for (dimensionless) bond strengths larger than 0.78. Note that the 
determination of this transition is rather difficult, because faces just above the 
roughening temperature show kinetic roughening immediately and the bond strengths 
must also be sufficiently large to show microscopically flat surfaces. This leads to a 
difficult distinction procedure between the two types of faces (Muller-Krumbhaar & 
Scheel, 1978).
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The thermal roughening transition of the Kossel crystal can be compared to 
the order-disorder transition in a two-dimensional spin (Ising) system. In this theory 
the Ising temperature 6 c, which characterizes this transition, can be calculated 
analytically according to the Onsager theory (Bennema & Eerden, 1987; Onsager, 
1944). For a two-dimensional Kossel crystal, a critical temperature of 2.27 is found, 
which compares to the three-dimensional Kossel crystal. Also for the cases of 
FCC(100), FCC(111), diamond (111) or BCC(110) the differences between the Ising 
temperatures and the roughening temperatures are small (Bennema & Eerden, 1987). 
From this it follows that by calculating the Ising temperature of the two-dimensional 
topology of a crystal face we have a good estimate of its roughening temperature. 
Rijpkema et al. (Rijpkema et al., 1983) developed a general model to calculate the 
Ising temperature of an arbitrary two-dimensional topology, with only a few 
restrictions.
2.1.3 Experimental observation concerning roughening transitions
Jetten et al. (Jetten et al., 1984), for example, showed that by increasing the 
relative supersaturation in a solution of naphthalene in toluene, nicely facetted 
naphthalene crystals become rounded off. The same effect was observed by Bennema 
et al (Bennema et al., 1992a) for tricosane crystals in a hexane solution by a lowering 
of the temperature. Note that although this transition looks rather abrupt on a 
macroscopic scale, the order of the transition for thermal roughening is a Kosterlitz- 
Thouless transition (Kosterlitz & Thouless, 1973) of infinite order as was shown by 
Chui and Weeks (Chui & Weeks, 1976) and Knops (Knops, 1977). More striking, the 
kinetic roughening transition appeared not to be a real phase transition (van 
Veenendaal et al., 1998).
2.1.4 Transport
Two different modes for transport can be distinguished, which are the 
transport of GUs from the bulk phase towards the crystal surface and transport from 
this place towards the final growth position by travelling over the crystal surface. This 
latter mechanism is especially important for growth from the vapor phase. For growth 
from the solution, it is assumed that transport from the bulk is more important.
The effect of surface diffusion can be regarded as a kind of relaxing 
mechanism which leads to smooth surfaces, because GUs landing on the crystal 
surface travel towards the more stable kink and step positions present on the surface. 
Gilmer and Bennema (Gilmer & Bennema, 1972a) showed that if  surface diffusion is 
introduced in the previously mentioned MC simulations, the growth rate is increased
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but the actual shape o f the growth rate versus supersaturation curves is not effected. 
This implies that smooth surfaces can be grown at higher growth rates.
If only bulk transport is assumed to be important, then this leads to a 
destabilization o f the crystal surface. Consider for example a square crystal in a 
supersaturated solution with a boundary layer at distance 8 from the crystal. If we now  
release a GU at this distance 8 and calculate the probability o f arrival o f this GU at a 
crystal corner or in the center o f the crystal face, we find that this probability is higher 
at the corners. The GU can be regarded as a simple “random walker” if  the transport 
is only governed by diffusion and flows can be neglected. This difference in arrival 
probability leads to the formation of hopper crystals, which have protruded edges, 
instead o f planar facets. Xiao et al. (Xiao et al., 1988) showed that using MC 
simulations including surface and bulk diffusion in a similar setup as is depicted in 
figure 2.3 these shapes can be grown. To extend their model to more growth 
dimensions, the SOS condition had to be omitted. They showed that the hopper shapes 
are emphasized by the bulk transport and can be damped by surface diffusion. If the 
supersaturation is increased even more, the bulk transport becomes the limiting factor 
for the growth o f the crystal and dendrites are formed (Xiao et al., 1988). In the 
regime where bulk transport determines the growth rate entirely, dendrites, spherulites 
and fractals are obtained (Glicksman & Marsh, 1993; Kassner, 1995). In chapter 6, 7 
and 8 o f this thesis, the role o f transport versus kinetics within crystal growth is 
studied in more detail.
F ig u r e  2.3 Formation o f hopper crystals. Since the supersaturation at the corners 
o f the crystals is higher than at the middle ofthe faces, these corners grow faster.
random walker
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2.1.5 Dislocations and stacking faults
Considering the defect induced growth mechanisms, the spiral and stacking 
fault mechanisms are the most important examples. Both mechanisms lead to never 
disappearing steps and thus increase the growth rate of the particular face. The spiral 
mechanism (Burton, Cabrera & Frank, 1951) has its origin in a screw dislocation, 
which leads to a never disappearing step spiraling around the dislocation center. The 
presence of this spiral makes the growth of the crystal surface not to be limited by the 
formation of two-dimensional islands, and therefore it will grow faster at low driving 
force. Besides screw dislocations, also stacking faults may lead to defect enhanced 
growth. Using Monte Carlo simulations for the (111) face of a FCC crystal Jin and 
Ming (Jin & Ming, 1989) showed that at low supersaturation the stacking fault 
induced growth rate is less than for the screw dislocation, while for high 
supersaturation the situation is reversed. A nice example of the result of growth 
influenced by stacking faults is the growth of tabular silver halide crystals (Bogels et 
al., 1997), which have a NaCl-structure. In this case two parallel stacking faults lead 
to a small inclined fast growing face with two “partial” steps at outcrops of the 
stacking faults. The steps are called “partial” because they are only 1/3 or 2/3 the 
height of a normal step.
2.1.6 The influence o f impurities
Impurities may have large effects on the growth rate of crystal surfaces, either 
enhancing or decreasing. In many cases the growth rate of a crystal faces that grows 
by a two-dimensional nucleation mechanism is enhanced in impure solutions. In these 
cases the impurities act as a nucleation source for two-dimensional islands. 
Tsukamoto et al. (Tsukamoto et al., 1998) showed that for low supersaturations, the 
{100} faces of BaNO3 crystals grown from an aqueous solution are growing faster in 
terrestrial circumstances than in micro-gravity. This may be explained by the fact that 
in space the transport of impurities towards the crystal surfaces is more difficult due 
to the absence of buoyancy driven convection.
Another example is that positive trivalent cations reduce the growth rate of the 
{100} faces of KDP, while the {101} faces are not seriously affected. Using Surface 
X-ray Diffraction, the surface structures of both the {100} and {101} faces could be 
resolved. It was shown that the {100} faces are likely to be slowed down, while the 
{101} faces, which turned out to be potassium terminated, repel the positive ionic 
"blockers" and are therefore not affected (de Vries et al., 1998). Based on an identical 
concept, Weissbuch et al. (Weissbuch et al., 1995) showed that tailor-made additives 
can be used to reduce the growth speed of specific faces to influence the morphology.
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2.1.7 The mother phase
Besides impurities, also the solvent may influence the morphology. For 
example, the morphology of RDX crystals grown from acetone or 7-butyrolacetone 
show {210} faces, while crystals grown from cyclohexanone do not show these faces 
(ter Horst et al., 1999). Using computational methods, ter Horst et al. showed that the 
interaction between surface and liquid is different for different crystal faces and 
solvents, hence, leading to different morphologies.
2.1.8 Can we model all this?
As stated above, many different parameters may influence the morphology of 
a crystal. It is therefore not feasible to model everything in one single simulation. 
Such simulation would require a Molecular Dynamics simulation including 
impurities, solvents, dislocation formation, etc., which is still beyond the capacity of 
modern computers. Several methods to determine the possible faces that may be 
important for the crystal of interest will be introduced below. These identified faces 
can then be used to study possible effects of various other parameters as mentioned 
above. In this we will restrict ourselves to crystals growing below their roughening 
temperature, i.e. which are all completely facetted.
Faceted crystals growing from solutions at low supersaturations are often 
limited by kink integration of GUs in steps for both the dislocation and two­
dimensional nucleation mechanism. These mechanisms give also the purest crystals 
because they show a high resistance against the incorporation of impurities.
2.2 The morphology ofcrystals
Summarizing the introductory part, it was shown that different parameters 
affect the growth rate and shape of the crystals. This also makes the prediction of the 
morphology of the crystals a tedious task. To develop a general model that includes 
all different parameters is therefore unfeasible. However, observing the crystals and 
growth patterns on crystal surfaces under different circumstances gives a good 
indication of which parameters affect the morphology. This can be done by direct 
observations using an optical goniometer or different types of microscopes as well as 
by using computer programs to simulate and understand the surface shapes of the 
crystal. In the following section, a way to use the computer as a tool to understand the 
morphology of various crystals is presented and is applied to fat crystals. It will be 
shown that starting from the crystal structure, a lot of information can be gained to 
interpret the results of the experiments. In this section, the reader is lead through the
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process o f predicting the morphology using the Kossel crystal and 5-n.n.n fats as an 
example. It will be shown that in topologies that are a little more sophisticated than 
the Kossel crystal, like 5-n.n.n fats, complications occur in morphology prediction. 
For a complete morphology prediction o f fat crystals itself the reader is referred to 
chapter 3-5 o f this thesis. Here the reader is guided through the entire process of 
finding the PBCs, connected nets and corresponding attachment energies and Ising 
temperatures using the top faces o f 5-n.n.n fats as an illustration.
F ig u r e  2.4 Structure o f (5 16.16.16 (left) and(5' 16.18.16 (right)
2.2.1 The crystal structure o f fats
Pure fats and oils, or triacylglycerols (TAG), which are very important for 
food industry, are esterifications o f three different fatty acids (R1t R2 and R3) with 
glycerol and can be abbreviated by indicating merely the number o f carbon atoms of 
the fatty acids used, i.e., R^R^Rs. This notation o f names o f pure fat compounds was 
introduced by de Jong (de Jong, 1980; de Jong & van Soest, 1978), however in 
literature, also many times a more trivial nomenclature is used, which is explained in 
the previous chapter. We shall restrict ourselves to the homologous series o f even 
numbered fi-n.n.n fats (10 < n < 22) and n.n+2.n TAGs (10 < n < 16), crystallising in 
the 5  and 5  polymorph as the most stable phase respectively. The crystallographic 
unit cells o f the polymorphic forms are depicted in figure 2.4. For more information
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about fats and detailed crystallographic data of both structures, the reader is referred 
to the previous chapter. Fats and other long chain molecules are nice model 
compounds for morphology prediction models, since they allow, within some 
restrictions, one extra parameter to be changed, i.e. the bond-strengths, which is not 
accessible in most compounds.
2.2.2 Morphology construction and morphology experiments
The crystal morphology can be constructed if the growth rate as a function of 
the orientation, RÇ), for two-dimensions or, R(d, ç), for three dimensions is known. 
Using the function R(ç), a Gibbs-Wullf construction can be applied to obtain the 
growth form in two-dimensions:
Here t is a Lagrange multiplier indicating the size of the crystal and er and e(p
are the polar unit vectors in radial and tangential direction. Although this construction 
requires the growth rate function to be known for all orientations, the construction can
rates are known as depicted in figure 2.5. Then the actual crystal shape is given by the 
inner figure that can be formed by all lines drawn perpendicular on the growth rate 
vectors. For continuum growth rate functions the construction sometimes leads to 
complex figures, which require unphysical “ears” to be cut off to obtain the actual 
crystal shape (van Suchtelen & van Veenendaal, 2000).
Figure 2.5 Gibbs-Wulff construction. The habit is given by the inner figure o f the 
lines drawn perpendicular to the growth rates. The crystal is assumed to be 
centro-symmetric, hence, the rate vectors in the opposite directions, result in a 
similar inner figure as given by R(1), R(2) and R(3).
tQR(ç) (2.4)
where
(2.5)
be visualized simply. Consider for example that only three different minimal growth
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However a continuum description o f the growth rate as function o f the 
orientation is needed to make a correct morphology prediction including flat and 
rounded faces. A method to determine the growth rate R(d, p) dependence starting 
from a specific bonding topology was developed by van Suchtelen (van Suchtelen & 
van Veenendaal, 2000). For simple crystals, such as the Kossel crystal, such relations 
can also be expressed analytically using the results o f MC experiments (van 
Veenendaal et al., 1998). The only way to determine the growth rates o f each 
orientation experimentally is to perform so-called sphere-growth experiments. Here a 
spherical crystal is made artificially by cutting and polishing and is then placed in a 
supersaturated solution. After a certain time the crystal is removed from the solution 
and the increased thickness as a function o f the orientation can be used as a measure 
for the growth speed.
Since the preparation, growth and measurement o f a spherical crystal can be 
very tedious and many different growth circumstances may have to be tested, in 
general one only determines the Morphological Importance (MI) o f the faces on a 
fully grown crystal. The MI is a simple statistical average o f the size of various faces 
observed on a number o f crystals and the crystal morphology can be described as the 
order o f importance, i.e.
Since fat crystals are soft, highly anisotropic and small, sphere-growth experiments 
could not be performed and only the MI is used. For various crystals o f the n.n.n 
series, the MI o f the various faces is given by relation 2.9 (Hollander et al., 1999). 
Since the average shape is always plank-like we can make the following distinction:
MI(basal {001}) >> MI(side {100}) and MI(side {101}) >> MI(top) . (2.9)
2.2.3 Growth rate deduced from the crystal lattice
The earliest idea on the morphology o f crystals is that o f Bravais, Friedel, 
Donnay and Harker (BFDH) (Donnay & Harker, 1937; Friedel, 1907), who stated that 
the growth rate o f a crystal face {hkl} is proportional to its reciprocal interplanar 
distance dhkl:
(2.6)
(2.7)
R
1
(2.10)
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It can be seen that this morphology construction is only rooted in the crystal 
lattice; no chemical information or growth conditions are taken into consideration. 
Although the construction is extremely ad hoc, it works surprisingly well. In the case 
of fat crystals, we see that using this construction a plank-like habit may be expected, 
which agrees with relation 2.9. However, more sophisticated models such as the 
Hartman-Perdok theory (Hartman & Perdok, 1955a; Hartman & Perdok, 1955b; 
Hartman & Perdok, 1955c) include chemical information.
2.2.4 Bonding topology
If we build a ball and stick model o f the Kossel crystal, where the balls 
correspond to the GUs and the sticks are the mutual bonds 0 , a simple cubic network 
is built. Such a network o f bonds and GUs is called a "crystal graph" (Bennema, 
1993). By molecular modeling such crystal graphs can be constructed for each crystal, 
using the crystallographic structure and a proper force field. For each compound, 
choosing the proper force field can be a tedious task. But this is an important issue 
since the bond strengths calculated will largely determine the result o f the 
morphology prediction. The best way, o f course, to calculate the interactions is by 
using quantum mechanics, however for large molecules such as fat crystals this is 
very time consuming if  possible at all. Therefore, in our case, we used the semi- 
empirical Consistent Valence Force Field (CVFF) (Dauber-Osguthorpe et al., 1988). 
In order to make sure that the proper electrostatic interactions were used, especially 
for the glycerol part o f the fat molecules, the partial atomic charges o f 10.10.10 were 
calculated quantum mechanically. Since it turned out that the results o f these 
calculations agreed quite well with the CVFF results, we decided to use this force 
field for the case o f the other fat molecules.
T a b le  2.1 Calculated bond strengths o f n.n.n TAGs. All interaction energies are 
given in kcal/mol.
Inter­
Action
1.N-
[uvw]
10 12 14 16 18 20 22
P 1 .1 -[0 l0 ] 21.7 25.4 29.0 32.6 36.3 39.8 43.4
r2 1.2-[100] 19.8 22.9 26.0 29.1 32.2 35.3 38.5
q2 1.2-[000] 20.7 23.3 25.9 28.6 31.3 34.0 36.8
ri 1.2-[110] 16.1 18.8 21.5 24.3 27.1 29.9 32.8
qi 1.2-[010] 14.4 17.6 20.8 24.0 27.1 30.3 33.5
s2 1 .2 -[0 0 l] 2.9 2.9 2.9 2.8 2.8 2.8 2.8
si 1.2-[011  ] 2.5 2.5 2.5 2.5 2.5 2.5 2.6
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FIGURE 2.6 (a) Simplified crystal structure ¡5-n.n.n TAGs. The spheres indicate the 
centers of mass of the chair-like molecules. Three bonds r, q and s are indicated by 
shaded areas, which indicate the area of the mutual interaction between two 
neighboring molecules. (b) Crystal graph o f /3-n.n.n TAGs. Mutual bonds are 
indicated as lines between spheres, which represent the molecules. Labels are 
indicated according to table 2 .i.
In figure 2.6, the process of calculating the crystal graph for n.n.n fat crystals 
is indicated. Each bond is calculated by taking the difference in energies of the 
molecules infinitely far apart and at a distance [ uvw]. Since there are two different 
molecules in one unit cell, one oriented upwards and one downwards, with a center of 
symmetry between them, each bond can be indicated by 1.N-[uvw]. Here N denotes 1 
for a translation equivalent molecule and 2 for the inverted molecule. In table 2.1, the 
seven strongest interactions calculated are given for each member of the n.n.n fats. 
Besides their general indication 1.N-[uvw] also a label p, qi, ri or sj is given for each 
bond. In figure 2.6a, the three different basic interactions r, q and s, are indicated by 
the shaded areas between the molecules. It can be seen that increasing the chain length 
of the fat molecules will result in larger shaded areas for the bonds ri and qi, while the 
area of the sr bond is left unchanged. This can also be seen in table 2.1, where the r­
and q-  bond energies are linearly dependent on the chain length, while the s-bond 
energy is independent. To construct now the crystal graph depicted in figure 2.6, the 
large molecules are reduced to balls and the bonds to sticks.
2.2.5 Hartman-Perdok theory
Fat crystals can be described as a stacking of strongly layered {001} slices, 
with strong p , ri and qi bonds in a hexagonal pattern making up the slices, which are 
interconnected by the weak sj interactions as indicated in figure 2.7. This picture is a 
good example of using the so-called Hartman-Perdok (HP) theory (Hartman & 
Perdok, 1955a; Hartman & Perdok, 1955b; Hartman & Perdok, 1955c) to calculate the
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attachment energy which is again used to predict the crystal morphology. In this 
figure, two {001} slices are drawn which consist o f  hexagonal patterns and are 
interconnected by other bonds.
F ig u r e  2.7 Fats can be diescribed as a stacking o f {001} slices with a hexagonal 
bonding pattern indicated by strong straight lines. The growth layers are 
separated at a distance dhkl and are interconnected by weak attachment bonds, 
which are indicated by the dashed lines.
The hexagonal pattern making up the slice is called a "connected net"; it is 
made up from different interconnected Periodic Bond Chains (PBCs). Each face {hkl} 
parallel to a connected net is called a F-face, and are, according to the HP theory, the 
possible candidates to appear on the crystal morphology. In the HP-theory, a PBC is 
defined as an uninterrupted chain o f  bonds having periodicity [uvw] and connecting 
translation invariant GUs. It can be seen that the hexagonal pattern is made up from 
the strong p, r  and qi (i=1,2) interactions.
Although the HP-theory is fully automated nowadays (Cerius2, 1998; 
Grimbergen, Meekes & Boerrigter, 1998 ), the crystal graph o f fi-n.n.n TAGs is a very 
illustrative example for the HP-theory and can show the differences between the 
classical approach (Bennema, 1993) and the more recent developments (Grimbergen 
et al., 1998a; Hollander et al., 1999). It must be stated that these most recent insights 
are not yet implemented in the available software. The faces that are important to 
illustrate the implications o f the new developments are the small top faces o f  the 
needle-like fat crystals. The connected nets making up these top faces may not be as 
obvious as the {001} face i f  we look to the crystal graph. However, Bennema et al. 
(Bennema et al., 2001; Bennema, Vogels & Jong, 1992b) pointed out that these 
connected nets can be found by the following simple combinatorial exercise:
First, the various PBCs have to be identified. Given the simple crystal graph o f  
figure 2.6, this leads to the following possible PBCs:
42
Understanding surface and bulk morphology of crystals
T a b le  2.2 Various PBCs for fi-n.n.n TAGs, using the crystal graph o f figure 2.7.
Group Interactions [uvw] Interactions [uvw]
1
r1-q1 [110 ] r2-q2 [110 ]
r1-q2 [12 0] 2q1 [100]
2
q-s1 [011] q2~s2 [ 0 l1 ]
q1-s2 [001] q2-s1 [001]
3
r-s1 [121 ] r2-s2 [101 ]
r-s2 [111 ] r2-s1 [111 ]
4 p [ 0 l0 ]
It can be seen that the different PBCs can be divided into four categories, a 
single p-interaction, or a combined r -q , r-sj or q-sj (ij=1,2) interaction. It should be 
noted that three crystallographic directions [uvw], i.e., the [1 1 0], [001] and [111 ]  
directions, can be formed each by two different PBCs. This will be an important point 
for the further analysis o f the morphology o f the top-faces as will be shown below. 
For example, the q1-s2 or the q2-s1 PBCs both result in the [001] direction. If we recall 
the {001} face as depicted in figure 2.8, we find that this face is parallel to five 
different PBCs, which are o f course all parallel to {001} and make up the first and 
fourth group in table 2.2.
Second, according to the HP-theory, each F-face is made up o f a combination 
of at least two non-parallel interconnected PBCs. After combining all these PBCs, it 
can be shown that for the top faces o f 5 n.n.n TAGs, all connected nets are always 
made up from of than two different PBCs (Bennema et al., 2001). This implies that 
the topology o f the connected nets is always more complex as compared to a Kossel 
crystal. The different connected nets found for the 5 n.n.n top faces are given in table
2.3. It can be shown that each possible connected net o f a top face is simply made up 
from a single r, q and s interaction (Bennema et al., 1992b), leading to 2qx2rx2s=8 
different combinations, hence, 8 connected nets. This illustrates that each topology is 
made up from at least three non-parallel PBC's, namely, the r-q, q-s and r-s 
combinations. Moreover, it can be shown that besides these three PBC's, always one 
[uvw] direction is included that has two possibilities; the [110], [001] and [111 ]  
directions as indicated above.
It can be seen from table 2.3 that according to the HP-theory seven different 
top faces out o f eight connected nets may appear on the morphology o f fi-n.n.n fat 
crystals. Note that for the {110} face different connected nets can be constructed. 
Now, the possible faces are found, a criterion for the morphological importance o f 
each face has to be determined.
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TABLE 2.3 Different connected nets for the top-faces, made up o f a combination o f a 
single s, r  and q interaction.
Connected r- q- c-#
±
Net bond bond bond
1 { l l  T} ri qi si
2 {110}l ri qi s2
3 {211} ri qz si
4 {210} ri qz s2
5 {0 1 1 } r2 qi si
ó {010} r2 qi s2
7 {111} r2 qz si
S {110}2 r2 qz s2
Z.Z.6 The attachment energy criterion
As mentioned before, according to the HP-theory only the F-faces, which are 
parallel to connected nets, may appear on the crystal morphology. Using figure 2.7 
again, which represents the {001} face, it can be seen that the attachment energy (Eatt) 
is given by the sum of the interactions connecting the different slices. The sum of 
interactions making up the slice is called the slice energy (Eslice). The total crystal 
energy, Ecryst, is related to the slice and attachment energies via:
FIGURE 2.8 Creation o f an island on the {001} surface results in broken slice 
bonds that determine the edge energy.
This distinction allows us to define two sets of bonds, 0 siice={01, ..., 0n]and 
(I>att={0i, ..., §m}, which consist of all bonds that make up the slice and the attachment
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part respectively. Using equation 2.11, every bond that is part o f the crystal graph can 
therefore be given the label attachment or slice.
Using this distinction in bonds and considering a birth and spread model, we 
can see that by creating 2D islands on crystal surfaces we have to cut only bonds 
within the slice as is indicated in figure 2.8. This figure shows that there is strong 
relation between the edge energy o f the island and the slice energy, or, between the 
edge energy and Osuce.
If we come back to the top faces o f our fats, we find that for the eight 
connected nets derived for 16.16.16 above, a simple relation for the attachment energy 
of all top-faces can be found by using equation (2.11):
where 0(r), 0(q,) and 0(sk) denote the calculated bond energies o f the bonds rb qj and 
sk given in table 2.1, which make up the specific connected nets given in table 2.3. 
Note that for the {110} faces two different attachment energies are found, since there 
are two possibilities. In the last section o f this chapter the obtained values will be 
compared to the corresponding Ising temperatures and observed morphology.
According to the HP theory, the growth rate o f each face {hkl} is proportional 
to the attachment energy:
Upon applying the Gibbs-Wulff construction to this relation, the estimated growth 
form o f the crystal can be obtained. The equilibrium shape can also be constructed, 
which is the habit with lowest surface energy, after applying the Gibbs-Wulff 
construction to the following surface energy equation:
Here Yhkj denotes the surface energy o f a face {hkl}. Note that the calculation o f the 
bonds mentioned above is done in vacuum, i.e. no information on the solvent is taken 
into account. In general, to avoid specific interactions between solvent and crystal 
surface, the equivalent wetting condition and the proportionality condition are 
introduced (Bennema & Eerden, 1987). These two assumptions state that all solid- 
vacuum bonds calculated are proportional to the ones in the actual system. This allow 
us to estimate the actual energy o f bond formation in the liquid-solid system from the 
calculated bonds by using the enthalpy of dissolution AHdiss according to:
(2.13)
(2.14)
fa. _ facalc AH(T)diss
RT Ecryst RT
(2.15a)
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If unknown AH(T)diss can be estimated from the enthalpy o f fusion and assuming ideal 
mixing by:
AH  (T )di” = A H S f  -  lnX )+ I ’m A ^ j t  (2 15b)
RT RTm R T T y ■ J
Here Tm is the melting temperature, 0 icalc the calculated bond energy, Acp is the 
difference in heat capacity between the solid and the liquid, 0 i the effective bond 
strength in the solid-liquid system and x  the solute mass fraction in the solution. This 
equation implies that we can multiply all calculated bond strengths with a 
proportionality constant K to obtain the proper bond strengths. Using this equation and 
equation 2.3, we can calculate the Jackson a-factor for each specific growth layer 
according to the simple relation:
<)diss
a(hkl ) J h Um T f ” (2 .16)
v / RT
where
justice
I hkl = E cryst . (2 .17)
Equation 2.16 shows that a  is directly related to the slice energy, and by using 
equation 2.11, it is also directly related to the attachment energy. Therefore, a similar, 
but now inverse, morphology dependency as given by equation 2.13 will exist which 
shows that a (hkl) is another (similar) criterion for the growth rate o f a crystal face 
{hkl}. Using this, and considering the results o f the MC simulations by Gilmer and 
Bennema (figure 2.2), we can conclude that the following set o f statements holds for a 
given crystal (Bennema & Eerden, 1987):
1. The lower the attachment energy the higher the slice energy
2. The higher the slice energy the higher the edge free energy
3. The higher the edge free energy the higher a
4. The higher a  the lower the growth rate
5. The higher the roughening temperature the lower the growth rate
6. The lower the growth rate the higher the MI
However, this energy-based method assumes that each face has the same 
growth mechanism and therefore an identical growth rate versus supersaturation 
curve. A simple method to check this assumption is to calculate the growth rate versus 
supersaturation curve for different faces o f a crystal using MC simulations. From such 
simulations, however, it was found that this statement does not always hold 
(Grimbergen et al., 1998a). Therefore, equation (2.13) is not generally correct and
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care has to be taken by considering the bonding topology o f each face. We will show 
that for all top-faces of fat crystals found above, this is the case.
F ig u re  2.9 (left) Roof like pattern crystal graph (right) Two different connected 
nets {001}a and {001}b for the same face {001}.
2.2.7 Bonding topology and attachment energy
A simple, but computationally intensive manner to determine the growth 
kinetics of a face with a specific bonding topology is performing MC simulations. 
Recently the program MONTY has been developed in our group to perform such 
simulations for each bonding topology. This allows us to include the supersaturation 
into the morphology prediction methods. The first example that the statements made 
above do not always hold was given by Grimbergen et al. (Grimbergen, Bennema & 
Meekes, 1999). They showed that for a roof-like pattern as depicted in figure 2.9, the 
growth rate versus supersaturation curve is quite different as compared to a Kossel 
based simulation. In this graph three different dimensionless bond strengths are 
present, 0a, 0b and 0. The total crystal energy per GU is given by the sum of these 
three bonds. It can be seen that this graph has a {110} Kossel-like topology, which 
contains two different connected nets A and B or {001}A and {001}B as indicated in 
the side view in Fig 2.9. For both connected nets, a distinction between slice and 
attachment bonds can be made, resulting in: 0 slice = {0, 0a} and Oatt = {0b} for {001}B 
and <Pslice = {0, 0b} and &att = {0a} for {001}A. The slice and attachment energies are 
then given by the sum of the bond energies belonging to corresponding set. Consider 
now the special case that W= ^ (0 a+0b)=0, which implies a constant crystal energy
3 W; further we assume that 0a>0b.
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FIGURE 2.10 Two side projections o f a {001} growth layer o f the roof-like crystal 
model o f the (b, c) and the (a, c) plane. The profiles ABCD and AD are indicated 
in both projections and are used for the calculation o f the edge energy in the 
specific direction.
Consider now the side projection of the roof-shaped graph as depicted in 
figure 2.10. In these figures two different profiles are indicated which correspond with 
a straight face (profile AD) and a straight face with an imposed island (profile 
ABCD). The difference between both profiles, ABCD and AD, should be a good 
indication of the edge energy. If we now define, for this case, the difference energy
between both profiles as an estimate of the edge energies, Eadge(001}j and
Eedge {001}j for the edges parallel to the a and b-axis on {001} respectively, then 
figure 2.10 can be used to estimate these. Hence we find that:
E aedge (001}a = E aedge (001}b = 2  ( ABCD -  AD) = 20 (2.16a)
E bedge{001}a = 1  ( ABCD -  AD) = 0b - 0 a (2.16b)
Eedge (001}B = ^  (ABCD -  AD) =0a - 0 b . (2.16c)
Note that in the case o f steps parallel to the b-axis, the edge energy of the 
connected nets {001 }A and {001 }B is identical and is simply made up of slice 
interactions. In the case parallel to the a-axis however, it can be seen that both 
connected nets result in different edge energies. Since we assumed that 0a>0b, only 
{001}B results in a positive edge energy. Considering the criterion of van Beijeren and 
Nolden (van Beijeren & Nolden, 1986) which states that for each flat face the step 
energy must be positive for at least two directions, {001}A drops out.
The next step is to construct a substitute net from the remaining slices with 
edge positive energies. This implies that for our example a rectangular net is found,
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made up from PBCs with step energies o f E ^ e(001}B and Ebedge(001}B. Consider
first the case that 0a = 0b, then the topology o f this face resembles the {110} face o f a 
Kossel crystal, with a roughening temperature o f 0 K. It is to be expected, that for the 
case when 0a~0b, the roughening temperature must be small too. The Ising 
temperature T/ can be used as estimate o f the roughening temperature and is in this 
case, for different 0a and 0b, found by solving equation 2.17 (Burton et al., 1951, 
Onsager 1948):
ln coth ' 0 "kT-,, 0a - 0 b _ 20 -  20akTr kTr (2.17)
This relation also shows that the roughening temperature for a system decreases if  the 
difference between 0b and 0a decreases. Moreover, Grimbergen et al. (Grimbergen et 
al., 1998a) concluded from MC simulations that changing 0a-0b also results in 
different growth rate versus supersaturation curves. Namely, the smaller the 
difference between 0b and 0a, the sooner the face starts to roughen kinetically and the 
faster the growth rate. This example shows that the attachment energy (0b for {001}b) 
is not always a good prediction criterion for the growth rates o f crystal surfaces.
Note that using the Ising temperatures to indicate to the relative MI o f the 
faces still assumes that the growth rate versus supersaturation curves are identical for 
all faces. In the case o f fat crystals all top faces have similar topologies as mentioned 
above with comparable attachment energies, which makes the Ising temperature a 
good additional criterion for the MI. It can be stated in general that faces showing low  
attachment energies and high roughening temperatures are the faces most likely to 
appear on the morphology. To compare different topologies, which have crossing 
growth rate versus supersaturation curves and therefore behave differently, MC 
simulations are needed to calculate these curves. For example, such simulations 
showed that the habit o f lysozyme crystals changes with the morphology (Grimbergen 
et al., 1999).
2.2.8 Step velocity and kink density
In two dimensions, a similar theory can be derived for the shapes o f two­
dimensional islands or growth spirals. Burton, Cabrera and Frank (Burton et al., 1951) 
showed that steps are already rough at zero Kelvin, however straight steps are 
observed for PBC directions that are made up from strong bonds. These straight steps 
have a low kink density nk. The propagation o f a single step is less complicated than 
that o f a crystal face and therefore a more precise criterion for its growth rate based on
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its kinetics can be derived. If one assumes that the rate-limiting step for crystal growth 
is the direct integration o f growth units in a step parallel to line (hk) in the two­
dimensional lattice o f the crystal surface, then, the step velocity v tep is proportional
to the kink density, nfmk, or: (van Enckevort, 1995; van Enckevort, 1997 )
rhik kT 
Rstep = h  -X- exp
AGhk
kT
nhk . A E . Skink j rri ^ hk •kT
(2.18)
Here T  is temperature, and h and k  are the Planck and Boltzmann constants 
respectively. A Ghk represents the activation barrier for the addition o f a growth unit 
at a kink position, % is the mole fraction o f growth units in the liquid and Shk the 
thickness o f a single step train. Here it is assumed that for a given step only one type 
of kink is dominant, which determines the step propagation. Using the connected
chain topology found, hknkink can be estimated using a similar expression as derived for
Kossel-like crystals by Burton, Cabrera and Frank (Burton et al., 1951). Assuming 
polygonized step patterns, which means that for each PBC the kink energy &kink is
larger than two times kT, nfink can be approximated by
nkik = 2 exp kT (2.19)
where is the kink energy o f a step (hk). From equations 12.18 and 12.19 it 
follows that, compared to a reference step, RF, a step with direction (hk) advances at a 
rate of
nhkstep'Shk exp
Rhk
steprel
A Ghk
kT
RF c 
nkinkS REF exp
 ^ AGh  ^- a g rf
kT
exp K
O RF O kink
kT
Shk
SRF
(2.20)
Here we assume that A Ghk = A GrF  or that the activation barrier for kink integration 
of molecules at every step (hk) present on the surface is approximately identical. This 
results in a third method that we can use for the morphology prediction o f step 
patterns on crystal surfaces, besides the BFDH (equation 2.10) and the attachment 
energy method (equation 2.13).
Similar to the profiles mentioned above to estimate the edge free energy o f the 
steps on crystals with the roof-like pattern, these profiles can also be used to calculate 
the actual kink energy o f steps on crystal surfaces. In this case, the profile ABCD,
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corresponds with a step having one kink-up and one kink-down and AD with a 
straight step. The difference in broken bonds between the profiles ABCD and AD 
equals the energy for the process of creating these two kinks. Assuming equivalent 
wetting and the proportionality condition again, this broken bond kink energy can be 
related to the actual kink energy by multiplying it with the proportionality constant k  
(equation 2.15).
2.2.9 Two-dimensional morphology o f 16.16.16 and 16.18.16
Figure 2.11 shows the hexagonal pattern that characterizes the {001} surface 
of both n.n.n and n.n+2.n fat crystals. Due to the higher symmetry o f the n.n+2.n fats, 
we find that qt=q2 and n  = r2 as indicated in the surface graph of this figure.
F ig u r e  2.11 Surface graph o f both n.n.n and n.n+2.n fats. For the TAGs 
q1=q2 and r= r 2- The unit cell is indicated in gray.
Extending the surface graph, results in a hexagonal pattern, which 
characterizes the topology of the large {001} plane as indicated in figure 2.12. In this 
figure, also two profiles are drawn that are used for the calculation of the kink energy 
o f the steps parallel to [100] and [110] which are indicated with an A and B 
respectively. The "classical" [100] step is formed by one PBC and can be divided into 
O lice = {q1, r^} and O att = {p, q ,^ r 1}. Similar to the two connected nets o f the example 
given above, the [11 0] step can be formed by two different PBCs which will be 
labeled P1 and P2 and are made up from: O llce(Pi)= {r1, q1} and &3tt(Pj) = {p, q2, r^} 
and O lice(P^ = {r2, q^} and O3tt(P^) = {p, qj, rj}. It can be seen that an identical 
profile is found for the calculation o f the kink energy of the [110] step as for 
calculating the [100] step energy in the roof-like pattern from figure 2.10. Estimating 
the kink energy for the [100] and [1 1 0] steps from the broken bond energy we find:
51
Chapter 2
EU,J10 0 ]  = 2  (ABCD -  AD)=  r, 
E„„lt [110] = I  (B C D -  AD) = r, -  q, (2.21b)
(2.21a)
Note that both kink energies correspond with the smallest possible positive difference 
energies for each profile. For example in the case of Ew[100], it is possible to create 
three different profiles, which cut (i) a rj bond twice, (ii) a q2 bond twice or (iii) both 
a r] and q2bond once. By using table 2.1, we see that in the case of 16.16.16, the first 
possibility results in the lowest possible positive energy difference.
F igure 2.12 Calculation o f the kink energy for [100] (A) and [110] (B). Note 
that for case B, the overall difference energy is small, since an identical number o f 
bonds is cut in both profiles. This hexagonal pattern is constructed by extending 
the surface graphs in figure 2.11 and a rotation by 90°.
It can be seen that for the [11 0] directions, again "difference interactions" are used, 
which result in a low kink energy. This implies that the estimated kink energy 
contains bonds from both the &slice and €>att set, while for the [100] directions only 
bonds from & lice are used. Moreover, in the case of n.n+2.n fats we see that, since 
q=q2and r=r2y a similar pattern as for the {110} face of the Kossel crystal is obtained 
and the kink energy of the [1 1 0] steps is zero.
2.2.10 Comparison with observed step patterns
Figure 2.13 shows an AFM image, depicting a growth spiral on the {001} 
surface of 16.16.16. Similar patterns were also obtained for 16.18.16 TAGs, which are 
treated in chapter 5. The surface shown here is characterized by long steps in the
A B
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[010] direction, which are parallel to the strongest p-interaction, and short 
polygonized steps at the ends of the spirals, which are [100] and [12 0] steps. Steps in 
the [11 0] directions were never observed. As elaborated in chapter 5, the three 
different morphology prediction methods, based on the BFDH, attachment energy and 
kink-density all predict a similar elongated shape. However, only the kink-density 
method identifies the correct steps. Both the BFDH and the attachment energy method 
predict the [11 0] direction, which is not predicted by the kink density method 
because of the very low kink energy as discussed above. Moreover, both the BFDH 
and attachment energy method predict rather block-like morphologies, while the kink 
density method actually gives a shape that is anistotropic. Note that anisotropic shapes 
in this latter model are emphasized since the kink energy is in the exponent of the 
growth rate. Comparing the n.n.n and n.n+2.n surface morphologies as imaged by 
AFM (chapter 5), it can be seen that the higher anisotropy of the n.n+2.n compared to 
the n.n.n fats is predicted well by the kink density method.
F igure 2.13 AFM image o f a growth spiral observed on 16.16.16 The important 
step directions are indicated.
2.2.11 Three-dimensional morphology o f n.n.n fat crystals
In the case of fat crystals, it is expected that the step patterns observed on the 
large {001} surfaces are closely related to the bulk morphology of the crystals. 
Therefore, it is to be foreseen that we will see similar morphologies, i.e. large {10l} 
side faces and {10l} and {21l} top faces will occur, besides the large {001} face. The 
l-index of all top-faces is not specified, since these are hard to determine 
experimentally.
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At not too low supersaturations, besides spiral growth, the creation of small 
two-dimensional nuclei is often the most important factor that determines the growth 
rate of a single face {hkl}. In an analogous way to the roof-pattern example, the edge 
free energies can be calculated to estimate the roughening temperature. It turned out 
that, apart from some very weak top faces, the {001} face is the only face for which a 
clear distinction between slice and attachment energy can be made. For the rest of the 
faces difference interactions have to be considered in the estimation of the roughening 
temperature. Using the crystal graph as depicted in figure 2.6, eight different 
connected nets, parallel to seven different orientations, were identified in table 2.3. 
The topology of these faces all show a similar tripod-like topology as shown in figure 
2.15. Considering the {110} face, we find that the topology is completely made up 
from “tripod-anti-tripod” structure patterns, which are made up from the two 
connected nets identified for this face. This implies that all interactions r, s and q form 
one connected net (tripod) and r’, s’ and q’ form the second connected net (anti­
tripod). For the other top-faces some interactions are missing making up only a partial 
tripod-anti-tripod configuration.
FIGURE 2.15 Tripod-anti-tripod configuration comprising the topology o f the 
{110} face o f n.n.n TAGs. All other top-faces o f these TAGs have a similar pattern 
but with one bond less.
By constructing profiles in this topology, again edge energies are found that 
are made up from difference interactions. This also holds for the partial tripod-anti- 
tripod configuration profiles. Therefore, the existence of more than one connected net 
for one orientation is not a necessity to obtain a non-continuously increasing relation 
of the Ising temperature as a function of a decreasing attachment energy (assuming a 
constant crystal energy) as was the case in the roof-like pattern of section 2.2.7. For 
this tripod-anti-tripod topology, care has to be taken in constructing the various 
profiles to estimate the edge free energy, since more than two directions have to be 
checked. Assuming that the cheapest two-dimensional nucleus is a trapezium that is
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made up of the two cheapest step directions found, the Ising temperature can be 
calculated by solving equation (2.17) again.
T ab le  2.4 The roughening temperatures and attachment energies o f the three 
strongest top faces for each direction.
10.10.10 16.16.16 22.22.22
Ti Eatt Ti Eatt Ti Eatt
[K] [kcal/mol] [K] [kcal/mol] [K] [kcal/mol]
{011} 1341 44.8 1797 64.8 2126 85.5
{111} 1559 41.7 1499 62.5 1482 83.8
{211} 1560 43.5 1781 64.9 1911 86.7
It can be shown that the edge free energy in the (111) directions is always 
made up from both Aq and Ar difference interactions, together with As, s1 or s2 
interactions. Here Aq denotes q2-qi, Ar=r2-r1 and As=s1-s2. Steps on all other faces 
involve at least one of the interactions q1, q2, ^  or r2. As can be seen from table 2.1, 
all interactions, si, s2, As, Ar and Aq are independent of the chain length, while the 
other are dependent of the chain length n. This simply implies that, in contrast to 
other faces, the Ising temperature of the (111) faces will be independent of the chain 
length. In table 2.4, different attachment energies and Ising temperatures are given for 
the most important top faces of the n.n.n fats. From this table, we can immediately see 
that the Ising temperatures of the (111) faces are indeed independent of the chain 
length, unlike the other faces.
Figure 2.14 shows two images of top faces of n.n.n fats with different chain 
lengths. It can be seen that the morphology differs for the short and long fat 
molecules. The overall morphology is always plank-like, i.e. a large (001) face with 
long (10l) side faces and small top faces. In general, the morphology is a three­
dimensional copy of the surface morphology, i.e. (011) and (211) faces. However, for
10.10.10, (111) faces are observed frequently at low (!) driving forces as is shown in 
chapter 3. In table 2.4, the attachment energies and estimated roughening 
temperatures of the strongest faces of the (011), (111) and (211) families are given. 
This table shows that the estimated roughening temperatures indeed predict that the 
morphology is dependent on the chain length, while the attachment energy does not. 
The Ising temperatures of the (111) and the (211) faces are the highest for the 
smallest fat molecules, which suggest a highest MI. This agrees with the observations 
in figure 2.14. For increasing chain length, it can be seen that the (011) and (211) 
faces become more important. As deduced from the attachment energies the relative 
order of the MI of the various faces does not change, which would predict a 
morphology that is independent of the chain length (Bennema et al., 1992b).
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Figure 2.14 Observed morpho1ogy o f 10.10.10 (left) and 16.16.16 (right).
Besides the top faces mentioned above, also (311) top faces have been 
reported (Skoda 1967ab, Hollander 1999) when growing n.n.n TAGs form dodecane 
or trioleate solutions. These faces are not predicted by all of the morphology 
prediction methods mentioned above and should be extremely weak. However, a close 
examination o f the molecular structure o f such faces shows that these have ideal 
docking positions for these two types of solvent molecules, as is shown in chapter 3.
2.3 Conclusions
We have described three different types of morphology prediction methods, 
starting from the historical BFDH method, which only includes crystallographic data. 
To include chemical information as well, the HP theory, based on the attachment 
energy data is used. The last method based on step and kink energies is an extension 
to the HP theory to include several effects o f the growth conditions for specific faces. 
It is shown that this last method is suited for the prediction o f both surface and bulk 
morphology o f fat crystals. It predicts the correct orientation o f the steps and explains 
the chain length dependency o f the bulk morphology. However, as stated in the 
introductory part also other parameters may influence the growth rate o f specific 
faces, such as the solvent used or impurities present.
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^ 7  The implication of the connected net topology on 
the morphology of fi-Monoacid Triacylglycerol 
Crystals
The crystal morphology of n.n.n TAGs is predicted using a revised version 
of the Hartman Perdok theory. In an earlier publication (Bennema et al., 1992b) the 
morphology was predicted on various criteria, like attachment energy and Ising 
temperatures, although without taking connected net topology into account. The plate­
like shape of the crystals was predicted well, but the indices for the top faces failed. 
Secondly, the experimentally observed crystals are much more elongated. In the 
present approach, the morphology is not only predicted using the attachment energy 
but also use is made of roughening temperatures. For faces that grow below the 
roughening temperature at low supersaturation, the rate-limiting step is the formation 
of steps on the surface. Therefore, under these growth conditions, the roughening 
temperatures of the faces determine the morphology rather then the attachment of new 
growth units to the surfaces. The roughening temperature of a flat face (hk1) can be 
estimated by the Ising temperatures, which are calculated from substitute nets 
constructed from all possible step energies found from the connected nets. In some 
cases, depending on the topology of the connected net, exceptional low Ising 
temperatures can be found. In these cases, it is shown that the roughening temperature 
is not directly determined by the slice energy. If this concept is used for the prediction 
of the morphology of TAG crystals, a good agreement with the experimental observed 
faces is obtained. Moreover, the dependence of the morphology for the various TAGs 
on the chain length n is explained. Using this concept however, the presence of the 
(311) faces on the morphology cannot be explained. It is shown that this face is 
probably a F-face that is stabilized by solvent molecules.
3
Chapter 3
3.1 Introduction
In a previous publication the observed morphology of crystals of the fi-2 
polymorphic phase of monoacid triacylglycerol (TAG) crystals was explained on the 
basis of the crystallographic morphological theory of Hartman-Perdok (HP) and 
extensions to that theory taking into account the concept of surface roughening 
(Bennema et al., 1992b). All TAGs, or fat molecules, are esterifications of three 
different fatty acids (R1t R2 and R3) with glycerol. Therefore, we can abbreviate the 
nomenclature of the TAGs, according to de Jong (de Jong & van Soest, 1978) 
indicating merely the fatty acids used, i.e., R^R^R^ For example, tripalmitate, which 
is an esterification of palmitic acid and glycerol, is denoted as 16.16.16. The TAGs 
used in this study are characterized by three identical, even numbered saturated alkane 
chains, denoted as n.n.n, and are the only TAGs of which the crystallographic 
structures have been elucidated (Jensen & Mabis, 1966; Larsson, 1964; van 
Langevelde et al., 1999a; Vand & Bell, 1951). For this series, all diffraction data show 
that the structures are homologous as was suggested by de Jong (de Jong, 1980) and 
shown by van Langevelde (van Langevelde et al., 1999a).
In the extensions to the HP-theory, the concept of connected net plays an 
essential role (Bennema & van der Eerden, 1987). One of the drawbacks of using 
connected nets is the frequently encountered large number of connected nets found for 
a single orientation (hk1) of crystals having more than one growth unit in the primitive 
cell. The ad hoc assumption used in such cases was that the strongest connected net of 
an orientation (hk1), that is the connected net with the lowest attachment energy, 
determined the morphological importance of that orientation. This was also the 
approach used by Bennema (Bennema et al., 1992b) leading to a morphology that was 
only partly capable of describing the experimental data. Although the plate-like 
morphology was predicted, the indices for the top faces failed.
The role of connected nets in the prediction of the equilibrium and growth 
morphology of crystals was reconsidered and given a physical foundation in a recent 
series of papers (Grimbergen et al., 1999; Grimbergen et al., 1998a; Meekes, 
Bennema & Grimbergen, 1998). In these papers it was shown that the presence of 
multiple connected nets for an orientation (hk1) of the crystal can have an 
unexpectedly large influence on the equilibrium but especially the growth 
morphology of crystals. In particular the presence of more than one connected net for 
a single orientation (hk1) that are symmetry related by one of the space group 
symmetry elements of the crystal can lead to what was called symmetry roughening 
(Meekes et al., 1998). Symmetry roughening results, owing to an effective zero step 
free energy for steps on the surface, to a roughening temperature of zero Kelvin for
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the orientation (hk1) leading to rounded off or grown out facets. Also pairs of 
connected nets of one orientation that are not symmetry related may lead to a very low 
effective step free energy resulting in a very low barrier for thermal or kinetical 
roughening. This phenomenon was called pseudo-symmetry roughening. 
Corresponding orientations tend to have relatively large growth rates already at 
moderate supersaturations. Therefore, the growth rate as a function of supersaturation 
(driving force) can deviate significantly from that of an orientation which does not 
show symmetry or pseudo-symmetry roughening. Such differences in growth rate 
versus supersaturation curves for different orientations can thus give rise to and at the 
same time explain growth morphologies that change with the driving force 
(Grimbergen et al., 1999).
TAG crystals also show a large number of connected nets for the orientations 
that are present on the relatively fast growing top faces of these crystals. The essential 
item of the HP theory is that all connected nets are made up of combinations of at 
least two periodic bond chains (PBCs). However, some connected nets contain more 
than two PBCs. These connected nets can give rise to a lowering in the Ising 
temperature, and therefore the roughening temperature, as will be explained in this 
paper. Moreover, it will be shown that even in the case, that there is merely a single 
connected net for an orientation (hk1), a specific topology of the net can already lead 
to low effective step energies. In particular, it will be shown that the topology of the 
connected nets can explain the elongated morphology of TAG crystals. Using the 
effective step energies as derived from the topology and molecular interactions of the 
connected nets, the morphology of the TAG crystals is explained very well, even for 
varying chain length n.
This paper is organized as follows. First, some experimental results of the 
morphology of various TAG crystals within this homologous series are presented. 
Then the morphology will be calculated using the revised Hartman-Perdok theory, 
taking into account the topology of the connected nets. In the last section, a 
comparison will be made between this predicted morphology and the observed one.
3.2 Experimental results
The experiments were carried out on TAGs with a purity of 99% (Sigma). All 
fi-TAG crystals were grown using the same setup as described by Vogels (Vogels, 
Marsman & Verheijen, 1990). An important difference between this setup and the one 
used by Skoda et a1. (Skoda & van den Tempel, 1967) is that they used a dilatometer. 
The dilatometer keeps the supersaturation fixed, while in the setup used in our 
experiments the supersaturation decreased during growth. In figure 1 three typical in
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situ crystals, grown under various conditions, are presented. For these in situ TAG 
crystals, only the h and k index could be determined easily. The l-index could only be 
determined ex situ.
F igure 3.1 Typical top faces o f TAG crystals grown at various circumstances, (a) A 
rare {111} top face o f 10.10.10. The l index is not determined, (b) A typical 16,16,16 
crystal grown from an dodecane solution at a low supersaturation with a {21l} and a 
{01l} top face, (c) A 16.16.16 spherulite grown from a trioleate solution at high 
supersaturation with thin plate-like crystals with rounded {h1l} faces, where h is 
either 2 , 1 or 4.
Many different crystallographic settings are used in literature for the n.n.n 
TAGs, some even left handed, which often leads to confusion. Luckily, all settings 
used can be simply transformed into one setting that represents all TAGs within this 
homologous series (van Langevelde et al., 1999a). We use a setting based on the one 
left-handed setting presented by de Jong (de Jong, 1980) and used by Bennema et al. 
(Bennema et al., 1992b), which makes the longest crystallographic axis the c-axis. 
The following transformation matrix converts their coordinate system a ’, b ’, c ’ into 
our a, b, c:
a = a ’, b  = - b ’, c  = c ’ - b ’ . (3.1)
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The experimentally observed aspect ratio shows a weak dependence on the 
chain length and the supersaturation. On the average this aspect ratio for the length: 
width: height of the grown plates is about 50: 5: 1 for the crystals grown at low 
supersaturation. The crystals grown at high supersaturation became thinner and more 
plate-like: the aspect ratio was about 100: 50: 1. On the average, the larger the chain 
length the more elongated the crystals was. This experimentally observed aspect ratio 
was, due to the growth conditions, difficult to compare with the calculated aspect 
ratio. As can be seen from figure 1c, all TAG crystals grow mainly spherulitically, 
which will probably result that the local supersaturation at the top faces is higher than 
at the side and basal faces. Therefore, the experimental observed plate-like 
morphology can even be more exaggerated.
Table 3.1 Top facets observed for the different TAGs using the optical microscope; 
present results1, those o f Albon and Parker2 (Albon & Packer, 1965) and Skoda et al.3 
(Skoda et a l, 1967; Skoda & van den Tempel, 1967). The rate o f occurrence is given 
with the number of + ’s. Due to scattering it is hard to decide whether, the sharp 
needles at high supersaturation (figure 3.1c) are {41l}, {2  1l} or {1 1l} faces. The 
growth conditions are indicated by (L)ow or (H)igh supersaturation. All crystals are 
grown from a trioleate or alkane solution, except for 10.10.10 which are grown from 
an acetone solution.
10.10.10 14.14.14 16.16.16 18.18.18 22.22.22
{01l}
{11l}
{21l}
{31l}
{1 1 l}  { 2 1l} {41l}
L++ 1
L+ 1
L++H++
1
L++ 1
L++ 1 
L+ 1
L++ 1,2,3
L+++ 1,3
L+ 1,3 
H+ 1
L++ 1,3
L++ 1,3 
L+ 1,3
L+ 1 
L+ 1
Because TAG crystals, especially the longer TAGs (18.18.18 and 22.22.22), 
grown from a trioleate solution show a large shut-off effect, the crystals for studying 
the morphology ex situ were grown from n-alkane solutions. The following crystals 
were grown: 14.14.14 from decane, 16.16.16 and 22.22.22 from a dodecane and 
18.18.18 from a tetradecane solution. The 10.10.10 TAGs crystals were grown from 
acetone by evaporation. After one to three weeks the crystals, which grew 
spherulitically, were removed from the solution. On removal, the spherulites broke up 
in lots of single crystals showing large {001} basal faces, flat side faces, mostly 
{100}, sometimes {101} and various faceted top faces. The facets were indexed by 
optical microscopy or using an optical goniostat. Using the optical microscope only 
resolves the h and k indices of the top faces, because of the plate-like morphology of 
the crystals. Remember that for these homologous series of TAGs the a and b axes are
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approximately constant, which results in almost identical angles for specific h and k 
indices, independent of the TAG. When the optical goniostat is used instead, the 1- 
index can also be resolved. However, it is quite hard to resolve this l  index and the 
results are not totally reliable as they show a lot of scattering between various crystals, 
especially for the {011} faces. These difficulties are due to poor reflections, easily 
bent crystals and shut-off effects in combination with the relatively long c-axes. The 
calculated deviations in the angles for the various alternatives of the 1 index are only a 
few degrees and were often within the margin of error. For crystals grown at high 
supersaturation, sharp platelets were found, as can be seen in figure 1c. Using the 
optical microscope to determine the h-indices, the data show a lot of scattering 
partially because these faces are somewhat rounded off. Therefore the faces are hard 
to identify, especially because the angles with respect to the basal face for the {211}, 
{111} and {411} faces are 33, 42 and 40 degrees respectively. The average 
experimental value found was 37 ± 8 degrees.
T ab le  3.2 Facets observed for 16.16.16 and 18.18.18 using the goniostat; present 
resu1ts(1) and those o f Skoda et a1.(2). For both ana1yses, the {001} face is used as a 
reference. A11 measured crysta1s were grown at 1ow supersaturation. For the other 
observed top-faces mentioned in tab1e 1, the crysta1s are too thin to determine the 1- 
index.
Zone 16.16.16 18.18.18
{011} {01 2 }2 {01T }1 {01 2 }2
{111} - -
{211} {211}1,2 {211}2
{311} {311}1,2 {311}2
The results of these morphology measurements can be found in tables 3.1 and
3.2, including the result of previously published work (Albon & Packer, 1965; Skoda 
et al., 1967; Skoda & van den Tempel, 1967).
3.3 Connected net analysis
For the determination of the connected nets of these TAG crystals, a procedure 
similar to the one of Bennema et al. (Bennema et al., 1992b) is used, based on the 
classical Hartman-Perdok theory (Hartman & Perdok, 1955a; Hartman & Perdok, 
1955b; Hartman & Perdok, 1955c). This analysis can be divided into four steps, the 
calculation of the intermolecular interactions, the building of the crystal graph, the 
determination and analysis of the connected nets and the final morphology 
construction.
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T ab le  3.3 The different interaction energies in kcal/mol for the various TAGs 
indicated by their chain length n=10, 12, 22. In the second column, the directions 
o f the PBCs are listed, where, CM,CMj-[uvw] denotes the interaction energy between 
molecule i and another molecule j o f a second unit cell translated over a lattice vector 
[uvw], For the strongp-interaction, the energy is given as the sum o f 1.1.- [010] and 
1.1-[020].The labels o f the different interactions are identical to those used by 
Bennema et al. (Bennema et al., 1992b).
Inter­
action
CMi.CMj-
[uvw]
10 12 14 16 18 20 22
P 1.1-[0 I  0] -21.7 -25.4 -29.0 -32.6 -36.3 -39.8 -43.4
r2 1.2-[! 0 0] -19.8 -22.9 -26.0 -29.1 -32.2 -35.3 -38.5
q2 1.2-[0 I  0] -20.7 -23.3 -25.9 -28.6 -31.3 -34.0 -36.8
1.2-[I 1 0] -16.1 -18.8 -21.5 -24.3 -27.1 -29.9 -32.8
qi 1.2-[0 0 0] -14.4 -17.6 -20.8 -24.0 -27.1 -30.3 -33.5
S2 1.2-[0 0 1 ] -2.9 -2.9 -2.9 -2.8 -2.8 -2.8 -2.8
si 1.2-[0 1  1 ] -2.5 -2.5 -2.5 -2.5 -2.5 -2.5 -2.6
q4 1.1-[1 0 0] -1.1 -1.3 -1.6 -1.8 -2.0 -2.3 -2.5
1.2-[1 1  0] -1.2 -1.4 -1.6 -1.7 -1.9 -2.1 -2.3
qs 1.2-[0 2 0] -1.1 -1.3 -1.5 -1.7 -1.8 -2 -2.2
ro 1.2-[1 2 0] -1.1 -1.2 -1.4 -1.6 -1.7 -1.9 -2.1
qo 1.2-[0 1 0] -0.6 -0.8 -1.0 -1.2 -1.3 -1.5 -1.7
ti 1.2-[1 1 1] -1.1 -1.0 -1.0 -1.0 -1.1 -1.1 -1.1
qs 1.1-[1 1  0] -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -0.9
qe 1.1-[1 1 0] -0.4 -0.5 -0.6 -0.6 -0.8 -0.9 -0.9
S3 1.1-[1 0 1 ] -0.7 -0.7 -0.7 -0.7 -0.7 -0.7 -0.7
S4 1.1-[0 0 1 ] -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6
t2 1.2-[1 0 1] -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6
3.3.1 Calculation o f the intermolecular interactions
The intermolecular interactions needed for the connected net analysis were 
recalculated using the Consistent Valence Force Field (Dauber-Osguthorpe et al., 
1988) and compared to those calculated by Bennema (Bennema et al., 1992b). This 
force field was chosen because it provides atomic charges for molecules with these 
large numbers of atoms in a computationally inexpensive way. The experimental 
coordinates are only available for 10.10.10, 12.12.12 and 16.16.16, and to obtain a 
consistent series (especially for the position of the hydrogen atoms), the missing 
structures were assembled by elongating the alkane chains and the c-axes. The x, y  
and z  coordinates of the glycerol backbone atoms of 10.10.10, 12.12.12 and 16.16.16
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were averaged. The 12.12.12 structure by Larsson (Larsson, 1964) was omitted 
because of its large R value (R  = 0.20). For all structures, the crystal energy was 
minimized using molecular mechanics. However, during energy minimization the 
glycerol backbone deformed due to intramolecular stress. Since it is only the 
intermolecular interactions we are interested in, it was decided to fix the carbon and 
oxygen atoms of the glycerol backbone during energy minimization.
FIGURE 3.2 The two crystal graphs considered, including the unit cell, which 
contains two TAG molecules labeled Mi and M2 . All translationally symmetric 
equivalents o f Mi are coloured black, while the white spheres are equivalent to M2 . 
The molecular interactions of interest are the interactions between the large 
sphere Mi and the other spheres given. The label for the molecular interaction is 
indicated at the end molecule. The seven large spheres, excluding Mi, make up the 
small data set, while the set o f all spheres also includes the additional molecular 
interactions for the second, intermediate data set.
For each TAG structure, a list of intermolecular interaction energies was 
calculated by subtracting the intramolecular energies from its total energy. The 
interaction energies for the various TAGs are given in table 3.3. Note that although 
the space group is P 1 , the molecular interactions do not show this symmetry, because 
the centre of symmetry is in the middle of the interactions between the two molecules 
in the unit cell. The five molecular interactions in the lower part of table 3.3 were not 
considered in the final analysis, because their influence is negligible.
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From this list of intermolecular interactions, a selection of strong interaction 
energies, forming the crystal graph, is taken to predict the morphology. The crystal 
graph consists of the centres of mass of the TAG molecules and a set of interactions. 
For the present study, two different crystal graphs were used. The smallest data set 
only included the seven strongest interaction energies, while for the intermediate data 
set the same cut-off energy as that of Bennema was used (Bennema et al., 1992b). 
This cut-off energy of 1.0 kcal/mol results in 13 different molecular interactions. The 
tj and q4 interactions were additional to the set of Bennema. The crystal graphs, 
including the corresponding crystallographic unit cell, for the two different data sets 
are depicted in figure 3.2.
The two crystal graphs were used as input for the FACELIFT program 
(Grimbergen et al., 1998 ), which is an automation of the connected net analysis and 
is included in the Cerius package (Cerius2, 1998) as the Hartman-Perdok module. 
This module searches for Periodic Bond Chains (PBCs) and combines these into 
connected nets (Grimbergen et al., 1998a). These connected nets were used for further 
analysis. The prediction will be worked out in detail for the first data set, and 
thereafter the results for the intermediate data set will be discussed.
3.3.2 Connected net determination and analysis
Using the first data set, the FACELIFT program finds13 different PBCs. After 
combining these PBCs, besides the {001} basal face and the {100} and {101} side 
faces, eight different possibilities for the top faces are found. Note that for the top 
faces, the h index of the face is determined by the PBC that is formed by a 
combination of one q interaction and one r  interaction. The additional s interaction 
needed to complete the connected net determined the l  index. The connected nets are 
listed in table 3.4.
In the classical Hartman-Perdok theory, taking surface roughening into 
account, the roughening temperatures and attachment energies of the connected nets 
are calculated to construct the morphology using a Wulff-Herring construction as was 
done by Bennema (Bennema et al., 1992b).
For the roughening temperatures, usually the Ising temperatures of the 
connected nets are used as a good approximation (Rijpkema et al., 1983). In that 
approach, a rectangular equivalent of the connected net is constructed to calculate the 
Ising temperature.
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T ab le  3.4 The connected nets of16.16.16 found by FACELIFT with their attachment 
energies. The faces are denoted according to their type ((T)op, (S)ide or (B)asal).
Face {hkl} E attachm ent (kcal/mol) # Connected nets
B {001} -5.2 1
Si {101} -52.5 1
Si {100} -52.6 1
Ti {111} -113.5 1
t2 {110} -113.7
t3 {211} -117.5 1
t4 {210} -117.7 1
t5 {010} -118.1 1
t6 {011} -118.3 1
t7 {111} -122.3 1
3.3.3 Roughening Temperatures
According to the criterion of van Beijeren and Nolden (van Beijeren & 
Nolden, 1986) a face will only grow flat if  the following condition is fulfilled. Every 
flat face (i.e., a crystal face below the roughening temperature) has the property that 
the sum of the step free energies, for a step up and a step down, is larger than zero for 
every direction [uvw] parallel to the face (hkl). This condition complicates the 
calculation of the Ising temperature, as an estimate for the roughening temperature. 
For the usual calculation (Rijpkema et al., 1983), a distinction between attachment 
and slice energy is made. The interactions that make up the slice energy then 
determine the Ising temperature. This approach is however not always correct.
An example of a non-straightforward connected net that is characteristic for 
the TAG top faces, is depicted in figure 3. In this figure, a brick-like pattern is drawn. 
Grimbergen (Grimbergen et al., 1999) have shown that for a similar cube-like pattern, 
which includes one extra molecular interaction, that such faces show pseudo­
symmetry roughening. The pattern of figure 3 is a two-dimensional projection of a 
connected net that is made up of a and b interactions together with interactions 
perpendicular to the drawing. The connected nets are mutually connected by the 
interactions c
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a
b
c
F igure 3.3 A brick-layered structure made up o f molecular interactions a and b 
and a third one along the projection. The resulting connected nets are 
interconnected by a third molecular interaction c. The effective energy o f a step can 
be calculated as the difference in broken bond energy o f the stepped interface 
afiydeZ and the flat interface afieZ as indicated. For the down-step, this results in a 
step energy that is determined by the difference in interaction energies b and c, 
while for the up-step only the interaction energy a is involved.
From a close examination of the topology of the connected nets, analogously 
to Grimbergen (Grimbergen et al., 1999), the effective step energy can be calculated 
as the difference in broken bond energy of the stepped interface afiydeZ and the flat 
interface afieZ indicated. This energy is then given by (Oa + <Pb - <Pc), where is the 
energy of interaction i. In the usual approach, the attachment energy is made up by 
the c interaction and the slice energy by the interactions that make up the connected 
net. However, this classification is not appropriate for calculating the Ising 
temperatures. If the energy difference between the b and c interactions is small, than 
the down-step ySeZ has a low energy, namely the energy difference <Pb - &c. 
Conversely, the up-step afiyd has an energy &a. In the classical approach (Hartman & 
Perdok, 1955a; Hartman & Perdok, 1955b; Hartman & Perdok, 1955c) the step 
energies would be identical to the slice energy, thus <Pb and <Pa, respectively.
To estimate the Ising temperature of such a connected net, however, a 
substitute connected net can be constructed using the effective step energies for all 
directions [uvw]. These effective step energies can be calculated using the recipe of 
broken bond energies, as mentioned above. Because every step direction has a step-up 
and a step-down, we suggest that the effective step energy can be approximated by 
half the sum of the energy (differences) of the step-up and step-down. This 
assumption makes the use of Ising temperatures as an approximation for the 
roughening temperature still appropriate. The substitute net can now be created from 
all positive step energies found. If no positive step energy is found within all
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directions [uvw], the face {hkl} grows rough according to the criterion of van Beijeren 
and Nolden. In the case that positive step energies are found in at least two different 
directions, which can only be the case for connected nets, the face grows flat. For 
these faces, the Ising temperatures of the substitute nets are used as an estimate for the 
roughening temperatures. Using the concept of difference interactions, the Ising 
temperature can decrease dramatically, especially when, the total step energy of both 
the up-step and down-step is small. However, because we are averaging the total step 
energy, this also holds for steps that have a negative energy of the step-up (or step- 
down) but a larger positive energy for the step-down (or step-up) or vice versa.
Remember that the molecular interactions were calculated for growth from the 
vapour, while all TAG crystals are grown from solution. Therefore, the absolute 
values of the Ising temperatures cannot be related directly to the roughening 
temperatures. It is assumed that Tj = a  TR, where Tj is the Ising temperature of the 
substitute net and TR is the roughening temperature of the face {hkl}. The 
proportionality factor a  can be determined if one roughening temperature is known, 
i.e. experimentally observed. So far, no roughening temperatures for TAGs are 
known. Nevertheless, the Ising temperatures result in good indications for the step 
energies that determine the growth especially at low supersaturation (Bennema & 
Eerden, 1987).
3.3.4 The Jsing temperatures for the small data set o f the TAGs.
For the TAG crystals, the concept of effective Ising temperatures given above 
is of crucial importance to the roughening temperatures of the top-faces. The 
connected nets of the side faces {100} and {101} and the basal faces {001} are trivial 
in the sense that the topology does not give rise to small difference interactions. 
Therefore, the Ising temperatures can be calculated straightforwardly [20]. For,
16.16.16, the calculated Ising temperatures are 5470, 5480 and 15900 K for the 
{100}, {101} and {001} faces respectively using the small data set. Although only the 
{100} side faces are reported by Skoda (Skoda et al., 1967; Skoda & van den Tempel, 
1967) one cannot easily distinguish between the {100} and {101} side faces using 
Ising temperatures, calculated from the small data set only. We have occasionally 
observed the {101} side face.
For the small data set the connected nets of the top faces are all formed by a 
honeycomb-like structure of one r, one s and one q molecular interaction from table
3.3, in a tripod configuration. The {110} face, which contains two connected nets, 
consists of a complete tripod-anti-tripod configuration, i.e., all directions r, sand q 
also have an alternative r ’, s ’ and q ’, as is depicted in figure 3.4. The two different
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tripods are drawn in different grey levels. The other six possible top-faces, always 
have one interaction of these six interactions missing, resulting in only one single 
connected net. Despite, the presence of only one single connected net, three different 
PBCs are situated within one slice, with thickness dhki.
f f
s § s’ I  \  projection
I II
projection
Figure 3.4 (a) Top view o f the honeycomb-like structure o f the {110} top face 
resulting from the small data set; the energetically most favourable steps are 
indicated by the roman numbers I-II. (b) Projection o f the honeycomb-like 
structure, resulting in a Grimbergen et al. (Grimbergen et al, 1998a)-like 
structure for the {110} top face and a brick-layered structure, c f figure 3, for the 
other top faces.
To estimate the roughening temperatures of these top faces, the steps with the 
lowest energy have to be determined. In the same figure 4, a projection is made along 
the horizontal direction of the top view, resulting in a roof-like pattern for the {110} 
face, analogous to Grimbergen (Grimbergen et al., 1998a). For this honeycomb-like 
structure, the candidates for the low-energy step directions are given by a Roman 
numeral in figure 4. Note that for this projection, step direction II is given by the 
interactions, r/r’ and q/q ’, projected onto each other. For the other projections that are
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rotated over 60 and 120 degrees, resulting in similar figures, all possible step 
directions are given by a combination of interactions projected onto each other. 
Remember that always two step directions are needed to create an island with a step- 
up and step-down, but the corresponding step energy may differ whether the step 
direction serves as a step-up or a step-down. Using these projections, the averaged 
step energies can be estimated by calculating the broken bond energies, in the same 
way as was mentioned above.
From all step energies found, different substitute nets can be created which 
represent the flat face {hkl} with a specific type of two-dimensional island. For all 
these substitute nets, the Ising temperature was calculated using the method of 
Rijpkema et al. [20]. The lowest Ising temperature calculated from all substitute nets 
found was used as an estimate for the roughening temperature for this face {hkl}. It 
can be seen that for this {110} face, containing two connected nets, always difference 
interactions apply for at least one of the possible steps, i.e., step-up or step-down. 
Especially, in this case for the {110} face, it can be seen that the difference 
interactions are small, because both interactions within the interaction pairs r /r 2, s2ls1 
and qilq2 are of the same order. Therefore, the Ising temperature calculated for this 
face is low, compared to an Ising temperature calculated from the classical approach 
that uses the slice energy of the connected net.
For the remaining top faces with only one connected net, the same method as 
described for the {110} face can be used to calculate the Ising temperature. However, 
because one interaction is missing, the effect on the roughening temperature is not as 
dramatic as for the {110} face. The results of the calculated Ising temperatures for the 
various TAGs are given in figure 3.5. From this figure, it can be seen that the {111} 
faces are approximately independent of or even weakly decreasing with the chain 
length n. For the other top faces, the dependence is roughly increasing linearly.
The resulting Ising temperatures for the {211} and {011} faces are the highest, 
especially for the longer TAGs, which is in agreement with the experiments. For
10.10.10, the Ising temperatures of the {111} faces are comparable to those of the 
{210} faces. This explains that sometimes {111} faces are observed for these shorter 
TAGs.
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-■— {210} 
*-{111} 
-*— { 110} 
« - { 11-1} 
-« -{010}  
H— {01-1}
chain length n
FIGURE 3.5 Ising temperatures Tc in K for the various TAGs for the small data set. 
The various faces are ranked in the legend according to the Ising temperature of 
22.22.22.
Although the small data set describes the experimental morphology in detail, 
the {311} faces, which are observed experimentally according to table 3.2, are not 
present. Secondly, the possible faces, that are present at high supersaturation for
16.16.16, i.e. {2 1 l} , { 11l} and/or {41l}, are not connected. Therefore, the set of 
molecular interactions has to be extended to the intermediate set.
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F igure 3.6 Ising temperatures Tc in K for the various TAGs for the intermediate data 
set. The various faces are ranked in the legend according to the Ising temperature o f 
22.22.22.
3.3.5 The effect o f adding more molecular interactions
If the number of molecular interactions is increased to the intermediate data 
set, the number of PBCs and connected nets increases to 43 and 59 respectively 
resulting in 35 different F-faces. This implies that the analysis becomes more 
complicated, because all possible steps have to be determined for all connected nets 
found. Especially, the topology of the connected nets of the side and basal faces 
becomes involving, because of the extra molecular interactions that are present in the 
slice { hkl}. However, still no energetically favorable steps can be made, which could 
result in a dramatic decrease of the Ising temperature compared to the small data set. 
Therefore, the Ising temperatures calculated from the small data can be regarded as 
good estimates for the Ising temperature of the intermediate data set.
72
The implication of the connected net topology on the morphology o f p-n.n.n TAG s
-{001} 
-{100} 
-{101} 
-{111a} 
-{110b} 
-{211b} 
-{210b} 
-{212b} 
-{010a} 
-{01-1b} 
-{011b} 
-{110a} 
-{11-1 b} 
{112b} 
-{011a} 
-{311a} 
-{010b} 
-{310} 
-{212a} 
-{211a} 
-{ -1 1 -1a} 
-{-11-2}
chain length n
Figure 3.7 A selection o f the 22 n.n.n TAG-faces with the lowest values for the 
attachment energies o f the intermediate data set. Note that the legend is ranked 
differentiy compared to figures 5 and 6. For some doublet-faces {hkl}, which are 
given an extra label a or b, different connected nets are possible.
Besides the Ising temperatures, also the attachment energies are influenced, 
because more interactions are taken into account. Calculated Ising temperatures and 
attachment energies for the most important faces are given in figure 3.5, 3.6 and 3.7 
respectively, both as functions of the chain length n.
The general honeycomb-like structure as given in figure 3.4 for the various top 
faces hardly changes. This minor effect is the result of the fact that the additional 
interactions are an order of a magnitude smaller than the seven strongest interactions. 
This implies that the Ising temperatures for the faces already present in the small data 
set hardly change. The results for the 22 strongest faces of this set can be found in
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figure 3.6. This set of faces is identical to that of Bennema (Bennema et al., 1992b). 
Although the intermediate set results in more connected nets than the set used by 
Bennema, the rest of the F-faces found includes the weakest interaction tj, which 
always results in low Ising temperatures and high attachment energies. Therefore, 
these faces are not considered further.
It can be seen that, on the average, the {211} and {011} faces still have the 
highest Ising temperatures. The { 2 1 1 } ,  { 2 1 2 }  and the {411} faces, which are now 
also connected have Ising temperatures comparable to these {01l} and {21l} faces. 
Besides high Ising temperatures these new faces also have a high attachment energy, 
which are even outside the range of the faces given in figure 3.7. Therefore, these 
faces given are not likely to appear on the morphology, allthough, these faces were 
possible candidates for the faces observed at high supersaturation for 16.16.16.
The other experimentally observed face that was missing is the {311} face. 
The Ising temperature of this face is lower than that of the {111} face, which is never 
observed for the longer TAGs, while the {311} face is observed for these longer 
TAGs. Therefore, predicting the morphology on the basis of the Ising temperature 
and/or attachment energy excludes this {311} and, in fact, all {31l} faces from being 
present on the morphology.
If we consider the l-index for 16.16.16 and 18.18.18 (cf. table 3.2), it can be 
seen that for the small data set, the {01 1} and {210} have the highest Ising 
temperatures. Experimentially, the {211} and {01 2 } or {01 1 } were observed. This 
means that the l-index for only the {011} face is in agreement with our measurements. 
However, the possible l-indices for the {21l} and {01l} faces all correspond to Ising 
temperatures which are high and lying close together and are therefore assumed to be 
possible candidates to appear on the morphology. Moreover, it is possible that more 
than one face, which only differ in l-index, are simultanuously present on the 
morphology.
Extending the set of molecular interactions with all interactions mentioned in 
table 3.3, no new F-faces are found having Ising temperatures or attachment energies 
comparable to the faces already found. Therefore, the criterion used of 1 kcal/mol 
appears to be sufficient.
3.4 Summary and discussion
The morphology is predicted well for low supersaturation, apart from the 
appearance of the {311} faces, using only the seven strongest molecular interactions 
using this revised interpretation of the HP theory. This indicates that considering
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roughening temperatures, besides attachment energy, as a predictive tool is essential. 
Note that no expression for the growth rate based on the estimated roughening 
temperatures is assumed for the morphological importance of the faces found, like for 
example (RhM °c 1/T) It is shown however, that each flat face that appears on the 
morphology, which is not reconstructed or influenced by solvent molecules, must 
fulfil three conditions, rather than two in the classical HP theory. These conditions are 
that each F-face found from the HP theory must have both a large roughening 
temperature and a low attachment energy. It is shown that these latter two conditions 
are not simply related by the slice energy.
Considering the top faces of the TAG crystals, it is assumed that for low 
supersaturation, the growth mechanism is mainly dominated by two-dimensional 
nucleation or spiral growth. Although growth spirals have been observed on the {001} 
faces as can be seen in chapter 4 it is not likely they appear on the small top faces 
because they can easily grow out of the crystal. Hence, two-dimensional nucleation is 
more likely to be the main growth mechanism for the top faces of the TAGs 
considered. For this growth mechanism, the creation of steps is the rate-limiting step 
and, therefore, the roughening temperature is a good indication for the growth rate at 
low supersaturation. The roughening temperature can be estimated by calculating the 
Ising temperature from all possible step energies found for each particular face {hkl}. 
The step energies can be found by considering the connected net topology found from 
the HP-theory and calculating the broken bond energy of a flat face with a stepped 
face. The lowest Ising temperature calculated is then used as the estimate for the 
roughening temperature. The faces with the highest Ising temperatures calculated are 
then the important faces on the morphology at low supersaturation.
It is shown that for n.n.n TAGs the morphology prediction results in mainly 
two different morphologies as a function of the chain length n when taking Ising 
temperatures into account. For the longer TAGs, the {01l} and {21l} faces are found 
to be the most important faces, while only for the shorter TAGs also the {111} faces 
are important, which agrees with the experimentally observed top faces. For the 
intermediate set, also the { 2 1 1 } ,  { 2 1 2 }  and {411} faces are connected and having 
comparable Ising temperature to the {01l} and {21l} faces. However, these extra 
faces have also high attachment energies, which makes them unlikely to be present at 
the morphology. Remember that if  the morphology was predicted, using the 
attachment energy only, as was done by Bennema et al. (Bennema et al., 1992b), the 
{11l} faces are the most important faces, independent of the chain length n. 
Although, for TAGs the determination of the l-index of the top faces is hard, it is 
shown that even this l index can be predicted reasonably.
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Figure 3.8 A closer examination o f the {311} top face. (a) The breaking up o f this 
face into {21l} and {010} faces for increasing supersaturation. (b) Optical 
micrograph o f the surface o f a {311} top face, already showing the microscopic 
breaking up for a crystal grown at small supersaturation.
Nevertheless, the {311} face, which was found experimentally for low 
supersaturation, remained missing in a prediction based on Ising temperatures and/or 
attachment energy. As mentioned by Skoda (Skoda & van den Tempel, 1967), and 
can be seen in figure 8a, this face roughens easily when the supersaturation is 
increased during growth and breaks up in {01l} and {21l} faces. This implies that the 
step energy is not as high, as the calculations suggest. A closer examination of these 
faces shows that they are not as flat as other top-faces observed on TAGs. A typical 
surface of a {311} face is shown in figure 3.8b. This face already shows the breaking 
up of the face on a much smaller scale. A possible explanation for the presence of this 
face is that solvent molecules block it, which results in a solvent stabilized F-face. As 
can already be seen from table 3.1, for the 10.10.10 crystals, which were grown from 
an acetone solution did not show this {311} face. An examination of this face using 
Cerius (Cerius2, 1998) showed that these faces contain kink positions that are very 
hydrophobic. Apolar solvent molecules, like for example alkanes or trioleate, as is 
shown in figure 3.9 can easily fill up these kink positions. At higher supersaturations, 
this blocking effect is expected to be overcome, resulting in {010} and {21l} faces.
Comparing the difference of the Ising temperatures of the basal and side faces 
for 16.16.16 the aspect ratio can be predicted. This results in a ratio of basal : side : 
top of 9 : 3 : 1, which is comparable to the aspect ratio found from a prediction based 
on the attachment energy only. However, as mentioned before, the aspect ratio is 
probably influenced by a spherulitically growth mechanism, and therefore, cannot be 
predicted from these calculations.
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Figure 3.9 Projection o f one layer o f the {310} faces along the c-axis. The b-axis is 
horizontal. The crosses indicate the hydrophobic positions for the solvent molecules 
(dodecane, trioleate).
At higher supersaturation, the growth rate o f the faces will not be determined 
by the formation of steps on the surface anymore, because of a decrease o f the size of 
the critical nucleus. The growth morphology will then be mainly dominated by faces 
with low attachment energy. In the case o f the shorter TAGs, this would imply that for 
the {11 l}  faces should be the most prominent faces, followed by the {21 l}  and maybe 
{01^ faces. For 10.10.10, the {21^ faces have been observed to be the most 
important top faces, which slowly disappear during the experiment and {11 l}  top 
faces take over at the end of the experiments, i.e. for a small supersaturation. 
Therefore, it is only partly satisfactory for the case o f 10.10.10. However, for
16.16.16 none of these faces was observed at all. Here, the possible faces observed 
were the { 2 1l}, {1 1 ^  and/or {41^faces which all have a relatively high attachment 
energy. This is, however, conversely to the argument that for increasing 
supersaturation the attachment energy becomes the most important parameter for the 
morphological importance of the faces. A possible explanation would be that the 
appearance of these faces is an effect of the solvent. As can be seen in figure 1c, the 
faces observed are not nicely straight faces. Secondly, it is known that fats crystallise 
in different polymorphs, under various conditions. For example, Kellens et al. 
(Kellens, Meeussen & Reynaers, 1992) showed that four different P’-polymorphs 
were found, besides the present P polymorph, when crystallising 16.16.16 from the
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melt. Moreover, they showed that both polymorphs, P and P’, can be simultaneously 
present in the crystallisation process. However, if we assume ideal mixing of 16.16.16 
in an alkane solution, and calculate the supersaturation for both polymorphs 
(Wesdorp, 1990 ), it is found that only the P-polymorph is thermodynamically stable. 
Both possibilities are interesting subjects for further research.
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Comparing the morphology of P-n.n.n with 
P '-n.n+2.n and P '-n.n.n-2 triacylglycerol crystals
The morphology of P-16.16.16, P’-10.12.10 and P’-16.16.14 fat crystals is 
explained on the basis of a connected net analysis taking into account the edge 
energies of a 2D nucleation growth mechanism. It is shown that the conventional 
prediction of the morphology on the basis of attachment energies is not capable of 
explaining the very different morphologies of these fat crystals. The morphology 
ranges from long needles in spherulitic growth forms to lozenge shaped single 
crystals. In particular, the elongated growth habit of P’-10.12.10 fat crystals showing 
fast growing top faces is explained as being due to the zero edge free energy of 2D 
nuclei on most of these faces as a result of the high structural symmetry of these 
crystals.
Chapter 4
4.1 Introduction
In the previous chapter the morphology of P-monoacid triacylglycerol (TAG) 
crystals was treated on the basis of a detailed connected net analysis. In this paper the 
morphology of the crystals of n.n.n TAGS, with n even, was explained using a two 
dimensional (2D)-nucleation mechanism, taking into account the edge energies 
involved for the creation of such nuclei on the various crystal faces. This approach led 
to a semi-quantitative explanation for the experimentally observed plank-like habit of 
these crystals. The conventional approach, based on a linear relationship between the 
growth rate of a face and its attachment energy (Bennema & Eerden, 1987) was 
shown to be inadequate, in particular, for the relatively fast growing top facets of the 
crystals. The specific bonding structure of the growth units in these TAG crystals 
implies that the edge free energies of 2D-nuclei on the surface are not merely 
determined by bonds within the growth slices; they involve both slice bonds and 
attachment bonds. As a result, especially for the top faces, the edge free energies 
turned out to be much lower than expected on the basis of attachment energies only. 
This explained the relatively high growth rates of these faces and, thus, the plank-like 
morphology of the crystals. The even-numbered P-TAGS form a homologous series at 
least from 10.10.10 to 22.22.22 (van Langevelde et al., 1999a), all members having 
essentially an iso-structural unit cell. This allowed for a morphology prediction in 
good agreement with the experimental morphological data for the members ranging 
from 10.10.10 to 22.22.22.
Besides P-TAGS, P’-TAGS as polymorphs of the former play an as important 
role in the food industry (Hageman, 1989). Within the large variety of P’-structures 
the n.n+2.n-TAGS again form an homologous series, at least from 10.12.10 to
16.18.16 (Birker et al., 1991). Due to the difficulty in growing large enough single 
crystals of good quality the crystal structure of P’-TAGS had not been solved for a 
long time. Recently, however, the structures of two different P’-TAGS were 
elucidated almost simultaneously. The first one is that of the P’-10.12.10-TAG 
determined by Van Langevelde (van Langevelde et al., 2000). The second one, 
belonging to the class of P’-n.n.n-2-TAGS is that of the P’-16.16.14-TAG determined 
by Sato (Sato et al., 2001).
P’-TAGS appear in various morphologies, two extreme cases of which are 
represented by the 10.12.10-TAG and the 16.16.14-TAG. The first one shows an even 
more elongated habit as compared to the P-TAGS resulting in flat needle-shaped 
crystals. The second one grows as rather compact lozenge-shaped crystals. In the 
present paper we will use these two structures to explain the two rather extreme
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morphologies of the crystals on the basis of the same approach as used for the P- 
TAGS (Hollander et al., 1999) and compare the results with those found for the P- 
polymorph. It will be shown that for both these two P’-TAGS a morphology 
prediction based on the attachment energies of the faces leads to incorrect results.
In the next section the structures of the two P’-TAGS will be summarized and 
compared with the structures of the P-TAGS. For both a connected net analysis will 
be given in section 4.3. The resulting morphologies will be compared with the 
experimental habits in section 4.4. The results are discussed in section 4.5.
T ab le  4.1 The crystallographic data for the three structures and morphologies 
studied. The l indices are difficult to determine experimentally.
ß-n.n.n ß'-n.n+2.n P'-n.n.n-2
(van Langevelde (van Langevelde (Sato et al., 2001)
et al., 1999a) et al., 2000)
Member 16.16.16 10.12.10 16.16.14
a (A) 14.2 22.8 16.5
b (A) 5.5 5.7 7.5
c (A) 48.8 57.7 81.6
a  (degrees) 113 90 90
P (degrees) 123.8 90 90.28
Y(degrees) 57.7 90 90
Space group P-1 Ic2a C2
Molecules in 2 8 8
unit-cell
Conformation straight tuning fork bent chairs straight chairs + 
straight tuning fork
Morphology Plates Plates / needles Lozenges
(solvent) (dodecane) (dodecane) (hexane)
Length : 100-1000 20-1000 10
thickness ratio
Length 1-5 mm 1-50 mm 300 ^m
Width 100-300 ^m 50-100 ^m 500 ^m
Thickness Up to 80 ^m Up to 40 ^m 30 ^m
Basal face {001} {001} {001}
Side face {100} {101} {10l}
Top faces {01l}, {21l} Rough {11l}, { 1 1 1}, {01l}
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4.2 Crystal structures
For the P-TAGS we choose 16.16.16 as a representative. For this TAG a 
crystallographic transformation has been applied similar to the one used by Hollander 
et al. (Hollander et al., 1999). This allows for an easy comparison of the rather 
different crystal structures and observed morphologies, both for the P'-TAGS and the 
P-TAGS. In table 4.1 the crystallographic data of the TAGS are given together with 
some morphological data.
As can be judged from Table 4.1 the structures and morphologies of the three 
representative TAGS are rather different, both as the space group and number of 
molecules in the unit cell are concerned. The TAGS crystallize in different 
conformations. For the straight tuning fork conformation the R1.R2 .R3-TAG the R1 and 
R3 chains are parallel to each other pointing in the opposite direction as compared to 
the R2  chain. For the straight chair conformation R1 and R2  are parallel and both 
opposite to the R3 chain. The bent chair conformation shows a tilt between the parallel 
R1 and R2  chains as compared to the R3 chain. As the morphology is concerned, it has 
to be noted that the top faces found for the P-TAGS depend on the chain length 
(Hollander et al., 1999).
4.3 Connected net analysis
For the fundamentals of a connected net analysis we refer to reference 
(Grimbergen et al., 1998a). To find all connected nets giving rise to the possible flat 
(F-) faces the crystal graph representing all growth units (TAG molecules) and their 
mutual bonds is needed.
4.3.1 Crystal graph
For a discussion on the relevant bonds in case of TAG crystals we refer to the 
previous chapter of this thesis. In that paper it was shown that in order to predict the 
correct morphology for the P-TAGS merely a limited number of bonds between the 
growth units has to be considered.
In figure 4.1a and b, the crystal graphs of the three structures are given. In this 
figure it can be seen that all three crystal graphs show a layered structure of TAG 
molecules in the a,b-plane. Within each layer a TAG molecule is surrounded by six 
neighboring growth units in a distorted hexagonal pattern. The distortion depends on 
the actual polymorph. For the P-TAGS this results in 5 different bonds in the layer 
denoted as p, q1, q2, r1 and r2. These bonds are rather strong as they are a result of the
82
Comparing the morphology of ¡3-n.n.n, P '-n.n+2.n andP '-n.n.n-2 TAG
interactions between the parallel R chains of neighboring growth units. For the P'-
10.12.10-TAG the space group symmetry reduces this set of bonds to only 3 denoted 
as p, q and r. For the P'-16.16.14-TAG the original set of 5 bonds is maintained as a 
result of its lower space group symmetry. The p bond is now denoted as pA because 
for this TAG an additional bond denoted as pB is of non-negligible strength and is 
therefore included leading to a set of 6 bonds within each layer. Furthermore, there 
are for this TAG next-nearest neighbor bonds in the layers that are also relatively 
strong. These bonds denoted as u, v, x  and y  are not drawn in the figure and will be 
treated in the next subsection.
16. 16.16
F igure 4.1. The crystal graphs of16.16.16 (a) and 10.12.10 (b). The growth units 
drawn in black are in the first unit cell. The growth units Mi are indicated by there 
subscript i. The bonds between the growth units are explained in the text (see also 
table 2).
For the P-TAG the unit cell contains one layer. The layers are mutually 
connected by relatively weak s1 and s2 bonds representing the head-tail interactions
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between the growth units. For the P'-10.12.10-TAG and the P'-16.16.14-TAG there 
are two layers per unit cell. For 10.12.10 all interlayer bonds are equivalent and, 
therefore, denoted as s bonds. For 16.16.14 the s bonds are different for successive 
layers and, therefore, denoted as sA and sB, respectively.
F igure 4.1c. The crystal graphs o f the 16.16.14. The growth units drawn in black 
are in the first unit cell. The growth units M  are indicated by the subscript i. The 
bonds between the growth units are explained in the text (see also table 4.2).
4.3.2 Calculated bond strengths
The method and force field applied to calculate the bond energies are similar 
to the ones used for the calculation of the bonds for the P-n.n.n structures treated in 
the previous chapter. The results are given in table 4.2. The symmetry equivalent 
bonds can be found by applying the space group symmetry elements of the particular 
polymorph.
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4.3.3 Connected nets
The next procedure in the morphology prediction is the determination of all 
connected nets which gives all possible flat (F) faces on the morphology. On the basis 
of the crystal graphs of figure 4.1 the connected nets were determined using the 
program FACELIFT (Grimbergen et al., 1998).
T ab le  4.2 The bond energies for the various interactions in the three crystal graphs 
o f figure 1. The bonds are denoted as M1.M2 [uvw] representing the interaction 
between growth unit M l in the first unit cell and growth unit M2 in the cell [uvw]. The 
energies are given in kcal/mol.
Label
f-16.16.16 f '- 10.12.10 f'-16.16.14
Bond Energy Bond Energy Bond Energy
Pa 1.1 [0T0] -32.6 1.1 [010] -26.3 3.3 [010] -15.7
Pb 8.8 [010] -17.0
qi 1.2 [000] -24.0 1.6 [010] -19.5
7.4 [010] -22.8
q2 1.2 [010] -28.6 7.4 [000] -40.8
ri 1.2 [110] -24.3 1.7 [1 1 0 ] -16.1 8.7 [010] -20.8
r2 1.2 [100] -29.1 8.7 [000] -40.7
u 2.6 [100] -8.84
v 1.5 [010] -8.37
x 2.6 [1 1 0 ] -2.70
y 1.5 [000] -2.68
si 1.2 [0 1 1 ] -2.5 2.7 [000]
-1.4
S2 1.2 [001] -2.8 2.7 [010]
SA 1.7 [100] -1.67
SB 1.8 [101] -1.17
For the P'-16.16.14-TAG this was done for the bond set including the u, v, x  
and y  bonds. The results can be found in Table 4.3. In this table the forms are 
categorized as basal (B), side (S) and top (T) faces, based on the flat (needle) shape of 
the P-n.n.n-TAGS and P'-n.n+2.n-TAGS. This classification is, however, less 
appropriate for the morphology of the P'-n.n.n-2-TAG. For this reason we have 
adapted the classification per category as compared to one presented in the previous 
chapter. The present classification results from a comparison of the morphologies of 
the three different TAGS as will become clear in the next subsection.
85
Chapter 4
To predict the growth morphology it is usually assumed that the growth rate 
Rmi of a face (hkl) is linearly related to its (positive) attachment energy according to
Rhkl = CEhkl. (41) 
Where C is a constant. For the attachment energy one then adopts the value of 
the strongest connected net. The resulting morphology will be referred to as the 
attachment morphology in the following.
Table 4.3 The forms {hkl} which have at least one connected net for the three TAGS 
studied. The faces are labeled as B(asal), S(ide) and T(op) faces. The number of 
connected nets (#) for each form are given. In addition, the attachment energy o f the 
strongest connected net for each form is entered in kcal/mol.
4.3.4 M orphology based  on the a ttachm ent energy
P-16.16.16 P'-10.12.10 P'-16.16.14
Face {hkl} Eatt # {hkl} Eatt # {hkl} Eatt #
B1 {001} -5.2 1 {002} -5.44 1 {001} -2.35 4
B2 {002} -5.69 3
S1 {101} -52.5 1 {101} -34.88 3 {204} -171.44 3
S2 {100} -52.6 1 {200} -64.33 1 {203} -168.16 3
T5 {010} -118.1 1 {011} -182.46 6
T6 {0 1 1 } -118.3 1 {013} -183.82 2
T1A {111} -113.5 1 {112} -182.46 3 {113} -196.17 4
T1B {110} -113.7 2 {110} -182.46 6 {112} -254.75 8
T1c {111} -122.3 1 {111} -196.17 7
T1d {110} -254.75 3
T2A {211} -117.5 1 {211} -182.46 3
T2B {210} -117.7 1
T3A {310} -198.54 2 {316} -278.16 5
T3B {315} -278.16 5
T3C {314} -279.22 2
T3D {313} -297.15 1
T3E {317} -299.15 1
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Figure 4.2 The morphology o f the three TAGS based on the attachment energy 
prediction according to equation 4.1 and table 4.3. For each TAG, two crystals are 
drawn, one viewed on top and one from the side. The b axis is chosen as the 
common vertical axis in all drawings.
To be able to compare the experimental morphology and the morphology of a 
more elaborated prediction based on the edge energies o f 2D nuclei with the 
attachment energy morphologies the latter are presented in figure 4.2. In this figure 
the three morphologies have been drawn with the crystallographic b axis as the 
common axis. For the plank and flat needle morphology this axis is along the long 
sides of the habit, while for the lozenge it is along one o f the bisecting axes of this 
habit.
4.4 Comparison with experimental morphology
In this section the experimental morphologies o f the three TAGS will be 
compared both with the attachment energy morphology and the more elaborated 
prediction that is based on the determination of the edge energies of 2D nuclei formed 
on the F-faces, that is, the faces that contain one or more connected nets.
In Figure 4.3 some photographic images of the growth morphology of the 
three TAGS are presented and indexed. The plank and flat needle shaped 
morphologies usually grow from spherulites showing only one o f the two top sides. 
The index l is in all cases rather difficult to measure experimentally as was mentioned 
in the previous chapter. This index is therefore not specified in figure 3.
The fi-16.16.16-TAG always shows faceted top faces for not too high 
super saturations. The top faces of the fi'-10.12.10-TAG are invariably rather rough
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even at the lowest supersaturations, however, sometimes flat top-faces are observed as 
can be seen in figure 4.3. Grown from the melt this TAG seems to show faceted top 
faces which might be indexed as {611}. For the fi'-16.16.14-TAG the needle shape is 
drastically truncated resulting in lozenge shaped crystals.
F igure 4.3 Photographic images o f the growth morphology o f the three TAGS. 
The indices l are not specified as they are difficult to determine experimentally. (a) 
P~16.16.16 grown in dodecane. (b) P'-16.16.14 grown in hexane, (c) P'-10.12.10 
growm from dodecane with {21l} faces. The occurrence o f these faces is however 
not typical. In general these faces are rough, (d) P'-10.12.10grown from its melt. 
All basal faces are {001}.
Comparing figures 4.2 and 4.3, the first striking difference is the by far more 
elongated experimental morphology of the plank and flat needle shaped habits as 
compared to the attachment morphology. Moreover, the P'-10.12.10 experimental 
morphology is rather needle shaped as compared to the predicted flat needle. For the 
P'-16.16.14 TAG, on the other hand, the experimental morphology is much less 
elongated along the b axis. As the top faces are concerned the P-TAG shows no {110} 
faces as were predicted. The top faces of the P'-10.12.10 TAG are not well defined 
and are rather rounded off. The top faces for P'-16.16.14 are in correspondance with 
the prediction. In addition, the experimental morphology shows an {01 l} face which 
was not predicted.
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In the next section we will explain the discrepancies between the experimental 
habits and the attachment morphologies on the basis of a more elaborate connected 
analysis.
4.4.1 Edge energies for 2D nucleation
As was discussed in the previous chapter for the P-TAGS the growth of the 
side and top faces of these TAGS is, because of the extremely thin nature of the 
crystals, mainly determined by a 2D nucleation mechanism. The same is expected to 
hold for the P'-TAGS. Only for the top faces spiral growth can play a role as was 
observed for the P-TAGS (Hollander et al., 2000).
4.4.2 P~16.16.16
The elongated morphology of the P-TAGS as compared to the attachment 
morphology was already explained in the previous chapter on the basis of a 
determination of the edge energies of 2D nuclei formed on the top faces of these 
crystals. The edge energies were much smaller than expected from the attachment 
energy calculations and, moreover, it was shown that depending on the chain lengths 
of the fatty acids the morphological importance of the various top faces differed 
considerably. For 16.16.16, in particular, this resulted in the presence of only {212} 
and {011} faces, the {11l} faces having a far too small 2D edge energy to be present. 
For the basal and side faces the effect of small edge energies for 2D nucleation was 
absent and very small, respectively. The results turned out to be in perfect accordance 
with the experimental observations. We will use the same approach to explain the 
morphology of the two P'-TAGS.
4.4.3 P'-10.12.10
For the P'-10.12.10-TAG the far more elongated morphology as compared to 
the P-TAGS can partly be explained by the smaller attachment energies of the {101} 
side faces as compared to the P-TAG. Therefore, the needle shape must also be due to 
even smaller edge energies for the top faces. Moreover, the fact that these top faces 
almost invariably grow as rounded-off faces shows that the threshold for kinetic 
roughening is by far lower for this TAG. We will study the stability of the top faces in 
more detail for all forms in the next sections.
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In figure 4.4 a perspective view of the crystal graph of the P'-10.12.10-TAG is 
drawn (compare figure 4.1).
4.4.3.1 {110} and {112}
Figure 4.4 Perspective view o f a {110} connected net drawn in heavy gray lines.
A 2D nucleus is drawn on top o f the surface profile o f the corresponding {110} 
face, both in heavy black lines. The edge energy o f this nucleus along the [110] 
direction is zero.
A connected net of the form {110} is drawn in heavy gray lines. In each layer 
the profile of the surface of this connected net is drawn by the heavy black lines along 
the direction [1 10]. In addition, along the same direction the profile o f a 2D nucleus 
is drawn, also in heavy black lines. This nucleus involves the addition of three growth 
units in a layer, indicated by the dark gray spheres. The edge energy of this profile 
along the [11 0] direction can be found by subtracting the values of the broken bond 
energies of the straight profile, i.e. without a 2D nucleus, from the values of the 
broken bonds corresponding to the profile including the 2D nucleus. The resulting 
edge energy is zero as a result of the high symmetry of the crystal structure leading to 
only p, q and r  bonds in the layers (compare figure 4.1). Note, that the height of the 
2D nucleus corresponds to the proper interplanar distance d110 and that the nucleus 
can be enlarged along [1 10], resulting in the same zero edge energy. A similar 
drawing as figure 4.1 can be made for the {112} orientation. The only difference for 
this connected net, as compared to the {110} orientation, is that it involves another s-
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interaction. For the {110} face the 2.7-[000] interaction is involved, while for the 
{112} face the 2.7-[0 1 0] interaction is used (table 4.2).
This implies that for all faces found within the {111} forms of 10.12.10, by 
applying the connected theory to the interactions as given in table 4.1, at least one 
zero edge energy is found. This implies that all these faces are rough according to the 
criterion of van Beijeren and Nolden (van Beijeren & Nolden, 1986). Hence, this 
orientation is unlikely to appear on the crystal morphology of P'-n.n+2.n TAGs.
4.4.3.2 {011} and {013}
For the {011} orientation a connected net is drawn, again in heavy gray lines 
in figure 4.5.
r q
FIGURE 4.5 Perspective view of a {011} connected net of10.12.10 drawn in heavy 
gray lines. A 2D nucleus is drawn on top o f the surface profile o f the 
corresponding {011} face, both in heavy black lines. The edge energy o f this 
nucleus along the [100] direction is zero.
Also for this case, the profile o f the surface and a 2D nucleus are drawn in 
heavy black lines, now along the [100] direction (compare figure 4.1). Again, the 
proper height, d011 is chosen for the nucleus. Inspecting the edge energy for the
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nucleus along the [100] direction, again, leads to a zero value. Enlargement of the 
nucleus along [100] will lead to the same result. Therefore, also the {011} orientation
will grow rough.
For the {013} orientation the same holds as the profiles of the nuclei in 
succeeding layers are only shifted along the 6-axis, similar to the difference of the 
{110} and {112} faces as indicated above. This leads to the conclusion that also the 
faces {011} are rough for 10.12.10.
4.4.3.3 {310}
For the {310} orientation the situation is somewhat different. The edge energy 
of 2D nuclei along a direction in the layers turns out to be non-zero. The edge energy 
of a profile along the [001] direction, however, is zero as can be seen in figure 4.6 by 
determining the broken bond energy of the profile o f the surface with and without a 
2D nucleus. Thus, also the {310} orientation is rough.
F ig u r e  4 .6  Perspective view o f the b, c plane o f the crystal graph of10.12.10. The 
profile o f both the surface and a 2D nucleus on top o f it are drawn in heavy black 
lines for the {310} orientation. The edge energy o f the 2D nucleus along this 
profile is zero.
4.4.3.4 {211}
The {211} orientation, finally, is the only one that has a non-zero edge energy 
for a 2D nucleus. Along any direction the edge energy of the profile of a 2D nucleus 
is non-zero and mainly determined by the energies of the bonds in the growth layer. In 
figure 4.7, a drawing of this face is given similar to that of the {110} and the {011} 
faces. Only in this case no islands within the slices are found which would lead to a 
zero edge energy.
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F igure 4.7 Perspective view o f a {211} connected net of10.12.10 drawn in heavy 
gray lines. In this case, no 2D nucleus can be found which leads to a zero edge 
energy.
In summary, for the 5'-10.12.10-TAG the only top faces that contain 
connected nets (cf. table 4.3) with a finite 2D nucleus edge energy are those of the 
form {211}. Therefore, the 5'-10.12.10-TAG crystals are expected to grow with 
faceted {211} faces for not too high supersaturations.
4.4.4 5'-16.16.14
The 5'-16.16.14-TAG has a morphology that is very different as compared to 
the ones discussed up to now. The top faces are heavily retarded in growth rate, while 
the side faces grow relatively fast. Note that the zero edge energies found for the 5'-
10.12.10-TAG are not expected as the symmetry of the 16.16.14 TAG is much lower 
resulting in six different bonds in the layers. Moreover, inspection of the edge 
energies of 2D nuclei on the relevant faces of 16.16.14, i.e. according to table 4.3, 
show that these have values mainly determined by bonds within the slice. Therefore, 
the attachment energy is a reasonable parameter for the morphology prediction. The 
attachment energies for the side faces, which form a reasonable parameter for these 
faces, are much higher as compared to the two other TAGS. This already explains the
93
Chapter 4
large width of the crystals. Concerning the top faces, in the layers the p  bonds are 
stronger as compared to the q and r  bonds for the P-16.16.16-TAG and the P'-
10.12.10-TAG, while for the P'-16.16.14-TAG it is the reverse. Moreover, in 
successive layers the P'-16.16.14-TAG shows a swap of the pA and pB bonds as well as 
the qi and q2 bonds. This hampers the possibility to find small edge energies for 2D 
nuclei with the correct interplanar distance for the top faces. Therefore, the attachment 
energy morphology is expected to give a reasonable impression of the experimental 
morphology.
4.5 Conclusion
It is shown that the morphology of three different TAGs, i.e., P-16.16.16, P’-
10.12.10 and P’-16.16.14 fat crystals can be understood on the basis of a connected 
net analysis taking into account the edge energies of a 2D nucleation growth 
mechanism. Moreover, it was shown that the conventional prediction of the 
morphology on the basis of attachment energies is not capable of explaining the very 
different morphologies of these fat crystals.
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fat surfaces observed with atomic force microscopy
The surfaces of pure triacylglycerol crystals of polymorphic type 5 (16.16.16) 
and 5 ’ (16.18.16) are studied ex situ using atomic force microscopy. Molecular 
contrast images show no reconstructed surfaces. On both types of triacylglycerol 
crystals, the overall 3D morphology is reflected in the shape of the monomolecular 
step patterns on the large {001} faces. The shape of the observed 2D nuclei and 
growth spirals on these faces can be explained by a combination of a two-dimensional 
Hartman-Perdok analysis based on the topology of the crystallographic surface 
structure, and the theory of Burton, Cabrera and Frank. This method shows that steps 
having high bonding energies sometimes give rise to high kink densities, which may 
explain their absence on the morphology. For the 5 polymorph, extended sub-steps 
with half the molecular height were found, which are related to planar faults in the 
crystal and do not act as growth source. Melt grown 5 ’ crystals sometimes show 
vicinal {10l}-faces, which indicates a strong interaction between closely separated 
steps.
Chapter 5
5.1 Introduction
One of the most important components used in food industry is fat. The 
physical properties that determine taste, mouth feel and spreadability of the consumer 
product are mainly determined by the chemical composition of the fat mixture, the 
polymorph and the morphology of the fat crystals. Fat crystals occur in three different 
crystal structures, which are called, according to increasing stability, the a, P’ and P 
polymorph (Hageman, 1989). The third polymorph is, for example, important in 
chocolate, while the P’ polymorph is mainly used in margarine.
All fat molecules or triacylglycerols (TAGs), are esterifications of three 
different fatty acids (R1t R2  and R3) with glycerol. Therefore, we can abbreviate the 
nomenclature of the TAGs by indicating merely the fatty acids used (de Jong, 1980), 
i.e., Rj.R2 .R3. For example, this leads to 16.16.16 for tripalmitate, which is an 
esterification of palmitic acid (Cj5H3JCOOH) and glycerol. In food industry always a 
mixture of various TAGs is used. In this study however, we shall restrict ourselves 
only to the crystal morphology of pure 16.16.16 and 16.18.16 TAGs, which crystallise 
in the P- and P’-polymorph respectively.
The P polymorph is a member of the homologous series of n.n.n TAGs, where 
n is even and 10 < n < 24, of which the crystallographic structure has been elucidated 
recently (van Langevelde et al., 1999a). The crystal setting used is this paper is the 
same as the one used earlier (Hollander et al., 1999).
The crystallographic structure of 16.18.16, which belongs to another 
homologous series of n.n+2.n TAGs is, despite a lot of effort to solve it, still 
unknown. The problem in elucidating this structure is the presence of micro-twinning 
in the grown crystals (Birker et al., 1991). The space-group of this series of TAGs is 
pseudo-orthorhombic, (p-Ic2a), because P is close to 90° [van Langevelde, 1999 
#136]. Based on the suggestions Birker (Birker et al., 1991) made in his paper and 
using elements from other alkane chain containing structures, van de Streek et al. (van 
de Streek et al., 1999; van de Streek et al., 2000) constructed a molecular structure of 
this series by application of molecular mechanics. This trial structure lead to 
calculated powder diffraction patterns comparable with the experimental ones. In an 
identical way, van Langevelde et al. (van Langevelde et al., 1999b) derived an 
alternative packing concept for this P’-polymorphic series. The main difference 
between both models is that van de Streek et al. suggested a folded molecule, while 
van Langevelde et al. proposed a straight molecule. The unit cell parameters of both 
TAGs used are given in table 4.1.
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In this study, firstly the two-dimensional equivalent of the Hartman-Perdok 
(2D-HP) theory (Hartman & Perdok, 1955a; Hartman & Perdok, 1955b; Hartman & 
Perdok, 1955c) is derived. Next, the surface morphology, of the {001} surfaces of 
both 16.16.16 and 16.18.16 is calculated using this theory. To make this HP analysis 
useful, the surface structure is verified to be identical to the bulk crystallographic 
structure by molecular contrast imaging of the {001} face by Atomic Force 
Microscopy (AFM). Hereafter, the morphology of the step patterns, such as growth 
spirals and 2D nuclei and some other remarkable observed features observed by AFM 
on both TAGs are described. In the last section, the actual comparison between the 
calculated and observed growth step patterns is presented.
T ab le  5.1 Bulk and surface unit cell parameters o f both the ¡5 (16.16.16) and ¡5’ 
(16.18.16) TAGs used.
TAG cell type
a
[A]
b
[A]
c
[A]
a
[°]
P
[°]
Y
[°]
Symm. Z
bulk 13.9 5.5 47 107 121 57.7 P-1 2
16.16.16 surface 13.9 5.5 57.7 2
bulk 22.8 5.4 87 90 89 90 p-Ic2a 8
16.18.16
surface 12.6 5.4 65.5 2
5.1.1 Surface Hartman-Perdok theory
The HP-theory offers the most appropriate way to predict the morphology of a 
crystal from its crystallographic structure (Hartman & Perdok, 1955a; Hartman & 
Perdok, 1955b; Hartman & Perdok, 1955c). This theory is based on the concepts of 
Periodic Bond Chains (PBCs) and connected nets. Since more than a decade, this 
theory is extended with the thermodynamic and statistical mechanical concepts of 
roughening temperature (Bennema, 1993; Bennema & Eerden, 1987). A PBC can be 
considered as a continuous, periodic chain of inter-molecular interactions, or bonds, 
with an overall direction [uvw]. A “connected net” is now defined as a two­
dimensional network of interconnected PBCs within a slice dhki. Only such networks, 
which also grow below their roughening temperature, grow layer-wise involving steps 
and are denoted as E-faces. The bonds making up the PBCs and connected nets are 
normally calculated using computational chemistry choosing a suitable force field. 
The energy-sum of all bonds per mol within the connected net is the slice energy 
(Eslice). All bonds that are interconnecting the individual connected nets make up the 
attachment energy (Eatt). The total crystal energy (Ecryst) is the sum of Esiice and Eatt. In 
the HP-theory, it is then assumed that the E-faces {hkl} that have the lowest Eatt are
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the ones that appear on the growth morphology. Recently a series of papers 
(Grimbergen et al., 1999; Grimbergen et al., 1998a; Meekes et al., 1998) was 
published that shows the key role of the actual connected net topology on the 
morphology of the crystal. In this series of papers, it is shown that for each face {hkl} 
to appear on the morphology, besides being parallel to a connected net and having a 
low attachment energy, the topology of connected net must lead to considerably high 
step energies. Such high step energies make the formation of new growth layers the 
rate limiting step in the growth process. This very important concept was shown to be 
essential for the morphology prediction of n.n.n TAG crystals (Hollander et al., 1999). 
In the following section a two-dimensional variant of the HP theory (2D-HP) will be 
derived and applied to the step patterns on the surfaces of P and P’ TAG crystals.
F igure 5.1 Top view o f the {001} surface o f a Kossel crystal showing two steps, 
ABCD and AD, ofwhich the first step contains one kink up and one down. The kink 
energy, Ekink, is half the difference o f the broken bond energies ofboth step lines.
5.1.2 Analogy of2D-HP and 3D-HP theory
Like for the three-dimensional morphology, the same concepts of the HP 
theory can be used to predict the two-dimensional morphology of islands and growth 
spirals present on crystal surfaces, which are not reconstructed (van Enckevort, 1995; 
van Enckevort, 1997 ). Carrying out a 2D-HP analysis of a given crystal surface starts 
with the selection of the connected net parallel to this face, which is obtained from a 
3D-HP analysis. Like in the 3D-HP analysis, the crystallographic structure is reduced 
to a 2D surface graph in which “connected chains” (in fact PBC’s!) make up the 
connected net identified. The connected chains with Miller indices (hk) and direction 
[uv] must be located within a line width 5hk, which is the 2D equivalent of the slice 
thickness dhld. It must be noted that the direction of the chain, [uv], is perpendicular to 
the reciprocal lattice vector (hk), i.e. [uv](hk)=0. The slowest propagating steps on a
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crystal are parallel to these connected chains and will be denoted as f-steps in the 
following. For example, as shown in fig. 5.1, the (001) E-face of a Kossel crystal 
contains 2 PBC’s, being parallel to [100] and [010] (which are [10] and [01] in a 2D 
setting). Therefore, the steps on this face are expected to be parallel to these 
directions, leading to square shaped step patterns. The line thicknesses 81o and 8o1 are 
equal to the unit axis length.
Using the analogy of the connected chain and the connected net in 2D-HP and 3D-HP 
theory respectively, one can introduce an equivalent for Ecryst = Eatt + Esiice. Namely,
Eh',k'r = Ehk + Ehk • (5 1)J—/ slice J-'step J-'chain W*1/
Here, E tin  is the sum of the bonds per stoichiometric unit within the line 
width 8hk in the slice dh k l ' (2D analogue of Eslice) and Efhip is the sum of the bonds 
within the slice dhkl’ that interconnect adjacent chains in the slice (2D analogue of 
Eatt). The kink energy, Ehkkink , is defined as the energy of the “cheapest cut” through 
the connected chain (hk) and gives the energy of the most favourable kink site in the 
step for a vacuum-solid system. Note that certain connected net topologies sometimes 
require the use of the difference of two bonds instead of a single bond energy to 
calculate Ekknk (Grimbergen et al., 1998a; Hollander et al., 1999). Therefore, Ekink is 
not always directly related to the calculated bond strengths that make up the kinks. 
Using the proportionality condition formulated by Bennema (Bennema, 1993), one 
can estimate the effective kink energy in a solid-fluid system instead of a vacuum- 
solid system, according to
Okink = AH  , (5.2)
Ecryst
where AH is the heat of melting or dissolution and k is a measure for wetting of the 
fluid phase to the crystal surface. In fact, k is similar to the constant introduced by Liu 
et al. (Liu & P. Bennema, 1993) for calculating effective bonding energies at the 
surfaces of paraffin crystals. If the interaction of solvent molecules with the crystal 
surface is identical to that with solute molecules in the liquid, then k = 1, which is 
indicated as “equivalent wetting” (Bennema, 1993).
Using the concepts of Estep., Ekink and O i^nk one can define criteria for the 
morphological importance (MI) of steps on a crystal surface. Like in the 3D-HP 
theory, the dominant step directions must be parallel to a connected chain, i.e. a PBC. 
To establish criteria for the MI of the various f-steps on a crystal surface one can
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resort to a 2D equivalent of Bravais Friedel Donnay Harker (BFDH) as well as to the 
classical growth criterion used in the HP theory (Liu & P. Bennema, 1993). These are 
respectively:
(i) vhkep- 1L  BEDH) (5.3)
0 hk
(ii) hep  -  Ehkep Hp) (5.4)
The second criterion predicts the growth form of the spiral and 2D patterns on the 
crystal surfaces. Sometimes this criterion is multiplied by Ohk, which results in the 
equilibrium form, because it represents the shape with the lowest line energy 
(Hartman & Perdok, 1955a; Hartman & Perdok, 1955b; Hartman & Perdok, 1955c). 
Since growth steps are always rough at T > 0K, criteria based on the roughening 
temperature cannot be used in the 2D case. However, in comparison to the overall 
growth of a crystal surface, describing the propagation of a single step is less 
complicated and a third criterion based on step kinetics can be derived. If one now 
assumes that the rate-limiting step for crystal growth is the direct integration of 
growth units in a step, then the step velocity vhstkep is proportional to the kink density,
nink (Muller-Krumbhaar, Burkhardt & Kroll, 1977; van der Eerden, 1993), or:
hk = kT x  Pxn/ -A ) hk A^  o (5 5)Vstep = — X-eXp(---- Z ^ ) -nkink-— -Ohk > (55)h kT kT
where T is temperature, and h and k  are the Planck and Boltzmann constants 
respectively. A Gtk represents the activation barrier for the addition of a growth unit 
at a kink position and % is the mole fraction of growth units in the liquid. Here it is 
assumed that for a given f -step only one type of kink is dominant and determines the 
step propagation.
Using the connected chain topology found by the 2D HP theory, nkhiknk can be 
estimated using a similar expression as derived for Kossel-like crystals by Burton, 
Cabrera and Frank (Burton et al., 1951). Assuming polygonized step patterns, which 
means that Ok is larger than two times kT  (van Enckevort, 1997 ), for an f-step nhkkink 
can be approximated by
n'U = ¿’ex p f-O n -) (5.6)kT
A broken bond model based on the 2D crystal graph can be used to calculate 
Okknk. For the {100} surface of a Kossel crystal as shown in fig. 1, the difference in
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broken bond energy of the lines ABCD and AD equals twice the bonding energy, 0, 
between adjacent growth units. Since the kinked step ABCD contains one kink up and 
one kink down, this implies that okL = 0 . In the case of fat crystals, a similar figure 
as fig. 5.1 is given in fig. 5.2. In this figures two profiles are given for the kink 
energies for [100] and [110] steps. Note that for [1 1 0] the energy difference between 
the straight and the kinked step is small, because an equal number of bonds having 
almost identical energies are cut. This case shows that strong PBCs sometimes can 
give rise to low kink energies, despite high bonding energies in the chain direction.
F igure 5.2 Schematic projection o f the {001} surface structure o f both TAGs, 
from which E^nk can be calculated from the difference in broken bond energies o f 
the lines ABCD and AD for the steps [100] (left) and [11 0] (right). Line ABCD 
represents a straight step with a kink-up and kink-down. Because all dotted 
interactions are approximately o f identical strength, Ekink will be much smaller for 
the [11 0] direction, since in this case an identical number o f bonds is cut for both 
profiles ABCD and AD.
The f-steps correspond to the step directions with a minimum in kink density 
and thus coincide with the minima in the 2D (kinetic) Gibbs-Wulff plot, which relates 
step energy/velocity to step orientation. Therefore, f-steps determine the shape of 
growth spirals and 2D nuclei. The relative velocities of f-steps on a given crystal 
surface can be calculated using relations (4) and (5). Compared to a reference f-step, 
REF, an f-step with direction (hk) and thickness Shk advances at a rate of
A A
D D
nMnk 0 hkexp -A  Ghk /kT)
step,I'd REF
nkfrti 0 REF exP (-A Gref /kT)
(iii) (5.7)
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This third criterion for the MI of steps is based on the PBC topology found by 
the 2D-HP theory and the BCF theory, and is therefore called HP-BCF.
Using the relative velocities of the various /-steps for a given two-dimensional 
connected net and assuming, A G% = A GrEf , the final shape of the islands and spirals 
can now be calculated using the Gibbs-Wulff construction (van Suchtelen, 1995), as is 
done for the other two criteria as well.
F igure 5.3 (a) Surface graph o f the {001} face ofthe ¡3 and ¡3 ’ polymorphic types, 
after a coordinate transformation ofthe latter. Translational symmetric equivalent 
molecules are depicted in the same grey level: type 1 is dark; type 2 is light. All 
bonds, i.e. the interactions between the central molecule and the other molecules 
are given. Each bond is denoted by its type (p, q12 or r12) and by the label xy[uvw] 
at the end molecule, which denotes the type o f both molecules involved (x,y = 1,2; 
x  is the central molecule) and the lattice translation [uvw] that is made to connect 
both molecules. The unit cell is indicated in grey. (b) The directions o f the PBCs 
found from the PBC analysis, as given in table 3.
5.1.3 The 2D-HP analysis ofthe {001} face of16.16.16 and 16.18.16 TAG
To calculate the 2D-HP morphology, first the set of bonds which makes up the 
surface graph has to be selected. Analogous to the 3D crystal graph the molecules are 
reduced to their centres of mass and the bonds between these centres represent their 
mutual inter-molecular interactions. It should be noted that due to the selection rules 
of the space groups P 1 and pseudo-Ic2a the slice thickness is d001 for 16.16.16 and 
doo2 for 16.18.16. This implies steps of monomolecular height for both TAGs, which 
agrees with the AFM observations elaborated in section 5.4. From the assumption that 
the surface morphology for 16.18.16 is determined by one layer, the {001} surface
a) surface graph: b) PBC directions:
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graphs of both TAGs appear to be isomorphic, if  a cut-off energy of 9.0 kJ/mol is 
used for the bond strength calculations. This cut-off energy was used in an earlier 3D- 
HP prediction for n.n.n TAGs (Hollander et al., 1999), which led to a good agreement 
with the experimentally observed morphology. To obtain a similar crystallographic 
setting for the surface graph of 16.18.16, compared to 16.16.16, the following axis 
transformation for 16.18.16 is performed (see table 4.1):
a =1/2 a +b
L  & (58)
The bond strengths are calculated using the Cerius software package 
(Cerius2, 1998) and a CVFF force field (Dauber-Osguthorpe et al., 1988) in the same 
way as was done for the 3D-HP analysis of n.n.n TAGs (Hollander et al., 1999); the 
results are given in table 5.2. The resulting surface graph is given in fig. 5.3, including 
the directions of the bonds.
Table 5.2 Different bond strengths between the central molecule M1 and the 
surrounding molecules M2 of the surface graph depicted in fig. 5.3, calculated using 
the Consisted Valence Forcefield CVFF with the software package Cerius2.
Label M 1.M2 [uvw] 16.16.16 16.18.16
[kJ/mol]) [kJ/mol]
p 1.1 [010] & 1.1 [0 l0 ] -136 -168
q2 1.2 [0 l0 ] -122 -120
r2 1.2 [100] -120 -107
q1 1.2 [000] -102 -120
r1 1.2 [ 1 10] -100 -107
To predict the morphology of the step patterns, firstly the various connected 
chains have to be determined from the surface graph. From this analysis, eight 
different connected chains are found for four different directions, which are [010] (4), 
[100] (1), [1 1 0] (2) and [1 20] (1), of which the important ones are given in table 5.3. 
In this table, calculated and observed step velocities for these directions are given 
which are normalised to vstep([010]). For the 2D-BFDH approach, in principle every 
direction [uv] is possible, but carrying out this analysis showed that only the four 
directions given above are important for the morphology. Using the three given 
criteria for vstep, the MI for each direction can now be predicted. However, criterion 
(iii), as formulated in eq. (5.7), needs knowledge of Ok, which again needs AHdiss. 
Unfortunately, AHdiss is not determined experimentally and is therefore estimated 
from the molar enthalpy of fusion AHius . Assuming ideal mixing, which is reasonable 
for TAGs in alkane solutions, the following formula can be used (Bennema, 1983):
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A Hdiss(T) = A Hfus(Tm) _ln x (T) +1  f  A C pdT , (5 9) 
RT RTm R T T V ;
where ACp = 0.4 kJ/mol (van Miltenburg & ten Grotenhuis, 1999) is the 
difference in molar heat capacity of the solid and undercooled liquid phase. For
16.16.16 and 16.18.16, AHius is 177.5 (van Miltenburg & ten Grotenhuis, 1999) and
165.5 kJ/mol (Wesdorp, 1990 ) respectively at the melting temperature Tm. x(T) is the 
equilibrium concentration of the solute expressed as a molar fraction at the growth 
temperature T For 16.16.16, Tm=339.1 K, T=301 K and x=1.43-10-3. For 16.18.16, 
Tm=341 K, T=304.4 K and x=1.26-10-3. Using eq. (8) this gives AHdiss(16.16.16) =
175.6 kJ/mol and AHdiss(16.18.16) = 171.5 kJ/mol. Assuming equivalent wetting 
(k=1) and taking the calculated crystal energies, Ecrys( \ 6.16.16)=732 kJ and 
Ecryst(16.18.16)=788 kJ/mol gives 0*m(16.16.16)=0.25Ew and Okn(16.18.16)= 
0.22£kn, Using these assumptions, the relative step velocity is calculated using 
equation (3c). For both the P and P’ polymorph the strong [010] direction is used as a 
reference. All calculated values of the step velocities for the various step directions 
parallel to the connected chains are given in table 5.3 and the resulting idealised 
shapes, constructed by the Gibbs-Wulff method, are depicted in fig. 5.4 together with 
the results of the BFDH and the HP methods. In table 5.3, also the anisotropy is given, 
which is defined as the ratio of the average length of the step pattern along [010] and 
the width of the pattern perpendicular to [010]. The results will be compared with the 
experimental shapes, which are also depicted in fig. 5.4, summarised in table 5.3 and 
described in section 5.4 and 5.5.
T ab le  5.3 Step velocities and anisotropy o f the 4 different PBC directions found for 
both the ¡5 and the ¡5 ’-polymorph. For the experimental observed steps, the error is 
indicated obtained from 5 ¡5 and 3 ¡5 ’ islands or spirals.
PBC (i) (ii)
(iii) (iv)
BFDH HP HP-BCF experiment
Direction bonds 5 5 ’ 5 5 ’ 5 5 ’ 5 5 ’
[010]
[100]
[100]
[110 ]
P
r2-q1
r2-q1
r1-q1/
r2-q2
1
2.60
2.60
2.23
1
2.31
2.31
2.12
1
2.24
2.24
3.23
1
2.63
2.63
1
24
24
6-105
1
87
87
1
9±1
9±1
1
12±2
12±2
anisotropy 2.1 1.9 1.6 1.6 30 75 9±1 11±2
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(i) BFDH:
\ [110] 
/  [120]
[010]
(; [1T0]
[010]
(ii) HP:
/ “ A  [100]
(  * - J  [120]
[010]
< p '
^ ^ L iu u j
^^[1201
[010]
F igure 5.4 Calculated morphologies o f the p- and p ’-polymorph using the three 
methods presented: (i) vsteP ~  1/Shk (BFDH), (ii) vstep ~  Ekink (HP), (iii) vstep
exp($ 01nk - O hkkink)/kT-(8hk/S0i) (HP-BCF). At all morphologies the resulting steps 
[uvO] are indicated. (iv) The observed morphology, as treated in section 4. The 
centre o f the growth sprials, which is slightly o ff centre in the case o f p, is 
indicated for both polymorphs.
5.2 Experimental
As a source material for crystal growth TAGs with a purity of 99% (Sigma) 
were used. All 16.16.16 and some 16.18.16 crystals were grown from solution using 
the same set-up as described by Vogels et al. (Vogels et al., 1990). For the 16.16.16 
crystals, dodecane was used as the solvent, while for 16.18.16 acetonitril was used. 
The crystals were grown with a mass fraction of 0.022 at 43.4 °C (16.16.16) and 
0.021 at 29.2 °C (16.18.16). Using acetonitril as a solvent for the growth of 16.18.16 
resulted in spherulitic two-phase like growth that is characteristic for protein 
crystallisation from solution (Rosenberger, 1998). All single crystals show a needle­
like morphology with a large {001} face. Prior to AFM observations, the solution
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grown crystals were quickly removed from the solution and dried immediately with 
absorbing paper and washed with a little acetone, to preserve the as grown faces as 
good as possible. To be able to observe the side faces of 16.18.16, some crystals of 
this compound were also grown from the melt. These 16.18.16 crystals were grown 
between a sapphire substrate and a thin cover glass. This two-dimensional growth cell 
was placed in a copper holder, which was kept at constant temperature of 62 °C, 
which is 2 °C below the melting point. The temperature during growth was kept 
constant within 0.01 °C using water flow from a thermostatic water bath. 
Solidification occurred in the form of spherulites with radii up to 5 mm. After growth 
the cover glass was removed and the radially oriented single crystals, with {001} 
basal or {100} side faces oriented upwards were examined with the AFM.
5.2.1 Atomic Force Microscopy
In order to prevent damaging of the soft crystal surface, AFM imaging has to 
be carried out with great care. Especially at scan sizes of about 1 ^m and less, step 
edges are easily deteriorated by the AFM tip. Therefore, most images were made by 
tapping mode AFM (TM-AFM), which lowers the lateral forces on the surfaces as 
compared to contact mode AFM (CM-AFM) (Ducker, Cook & Clarke, 1990). When 
CM-AFM was utilised, minimised forces, which still allowed for a stable feedback 
were used. For some experiments, especially when imaging the surfaces of the P’ 
crystals, the crystals were immersed in water to enable lower forces (Weisenhorn et 
al., 1989).
As mentioned above, all experiments were performed on carefully removed 
crystals from solution. If the removing procedure was performed fast and careful, the 
{001} crystal surfaces look identical under an optical microscope, whether they were 
grown in the neighbourhood of the spherulite, i.e. covered with other crystals, or at 
perimeter of the spherulites. This may suggest that direct in situ measurements of 
growth rates of individual steps, which would lead to more quantitative data, but were 
unfortunately not possible for these type of crystals, would give comparable results as 
these ex situ data. If the removal procedure was however performed slowly, the entire 
{001} surface is covered with small crystallites. Note that the removal procedure for 
dodecane grown crystals, which is less viscous than trioleate, requires more care.
The AFM employed for 16.16.16 was a Topometrix 2010 Discoverer. To 
image the spiral patterns a 75 |im tripod scanner was used. The molecular contrast 
images were obtained with a 1 ^m scanner using CM-AFM. For 16.18.16 surfaces, a 
Digital Dimension 3100 with a 120 ^m scanner was utilised. Both TM-AFM in air 
and CM-AFM in water were applied for imaging of these crystals.
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F ig u r e  5.5  AFM images o f the {001} face o f 16.16.16. (a) Deflection image o f a 
faceted growth spiral. (b ) Zoom-in o f the marked region in (a) showing the centre 
o f the spiral. (c) Height image o f faceted 2D nucleus. (d ) A fingered pattern o f a 
step with average alignment perpendicular to [010].
5.3 AFM results and discussion
5.3.1 Growth spirals on 16.16.16
In fig. 5a-b an overall view and a zoom-in of a typical growth spiral observed 
on 16.16.16 are depicted. In addition, several 2D nuclei are observed as shown in fig. 
5c. Virtually all observed growth steps are of monomolecular height, i.e. d001. This 
indicates that for the growth spirals the screw component of the central dislocation is 
equal to length of the c-axis. The spirals and 2D nuclei are highly anisotropic and are 
bounded by steps parallel to [010], [100] and [12 0]. Steps in the [110] direction
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were never observed. The steps parallel to the [010] direction are polygonized from 
the beginning, while the other steps get more polygonized further away from the 
spiral centre. The relative velocities of the various steps determine the shape of a 
growth spiral far from its centre. The actual values are measured from this shape and 
are given in table 5.3. A similar dependence was found for the 2D nuclei. In many 
cases it was observed that for step directions deviating from [010] the step patterns 
show morphological instabilities, which led to finger-like features as shown in fig. 5d. 
These patterns seem to indicate that the growth is limited by mass transport. Since 
surface diffusion for such large molecules is unlikely to occur for the ^m distances 
corresponding to the scale of the instability patterns, it follows that here volume 
diffusion during growth towards the step is rate limiting. These patterns could 
however also be the result of the crystal removal procedure, but since this procedure 
was performed quickly and realising that fat crystals grow slowly from a low 
concentrated solution, this shut-off effect is assumed small.
5.3.2 Growth spirals of16.18.16
Compared to the {001} faces of 16.16.16, the {001} faces of solution grown
16.18.16 TAGs show similar spiral and 2D nuclei patterns, which now are more 
anisotropic in the needle direction. In Fig 5.6a-b both phenomena are shown, 
including a zoom-in of the two interacting growth spiral centres. Besides the strong 
[010] steps, the steps in the other directions that make up the islands and spirals are 
less polygonised and are more rounded as compared to 16.16.16. In general, these off
[010] directions become only polygonised if the steps bunch together to small 
macrosteps, which are parallel to [100] and [12 0] as depicted in fig. 5.6d. The 
relative step velocities are given in table 5.3. The step height of these and other 
growth spirals are again of monomolecular height, which in this case equals ^c. This 
points to a screw component of ^c, which is in conformity with the I-lattice in which
16.18.16 crystallises. The morphological instable finger patterns were also found for 
solution grown 16.18.16 as can be seen in fig. 6d. This implies that also in this case 
the step propagation in the off [010] directions seems to be limited by volume 
diffusion, again assuming that the shut-off effect is of less important.
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F igure 5.6 AFM images o f the {001} face o f 16.18.16. (a) Deflection image o f two 
cooperating growth spirals and some 2D nuclei. (b) Zoom-in on the centers o f 
both spirals. (c) Height image o f highly anisotropic 2D nuclei. (d) A fingered 
patterns with average alignment perpendicular to [010].
For a number of growth spirals on the {001} surfaces of different crystals of
16.16.16 and 16.18.16, the shape is measured from the AFM micrographs. The 
average results are summarised in table 5.3 and depicted in fig. 5.4, together with the 
predicted shapes for the three different methods. In table 5.3, also the anisotropy is 
given.
The frequent observation of spiral growth on 16.16.16 and to a lesser extent
16.18.16 indicates that this is, at least for our growth conditions, an important growth 
mechanism. From this, it can be concluded that twinning along {001} is not 
abundantly, if at all, present on our crystals, because this requires 2D nucleation 
growth.
109
Chapter 5
{001}
Figure 5.7 (a) Molecular contrast image on {001} 16.16.16. recorded by CM- 
AFM. Each sphere is a methyl end group. The rows visible in the image 
correspond to somewhat protruding methyl groups as can be seen by comparison 
with the image obtained from x-ray diffraction measurements (b, c). (b) side view 
of the 16.16.16 structure, clearly showing three rows o f methyl groups 
corresponding to rows o f ‘chair-like ’ TAG molecules. (c) Top view o f the stack o f 
molecules depicted in (b). One unit cell is coloured grey. In (b) and (c) a ‘standing 
up ’ chair molecule as well as a ‘standing down ’ chair molecule are accentuated by 
dotted and white H  atoms respectively.
5.3.3 Molecular contrast
Birker and Blonk already obtained molecular contrast of the {001} face for 
12.14.12 (Birker & Blonk, 1993), which belongs to the same homologous series as P’ 
stable 16. 18. 16. The molecular image shows a nice hexagonal pattern, which 
corresponds to the molecular structure predicted by van de Streek et al. (van de Streek 
et al., 1999). Moreover, this correspondence makes the result of the 2D-HP analysis, 
based on the bulk-crystallographic structure reliable.
In our experiments, in contrast to 16. 18. 16, clear molecular contrast images 
were obtained for the {001} surface of the P polymorph 16.16.16. As can be seen 
from fig. 7a, this face looks different from the {001} surface of the P’ polymorph as 
observed by Birker and Blonk (Birker & Blonk, 1993). Comparing the 2D unit-cell,
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constructed from this molecular image, with that derived from X-ray measurements 
(Birker et al., 1991), a good agreement is obtained. In the molecular contrast image, 
clearly three rows parallel to the [010] direction with different heights can be 
distinguished. The pattern closely matches a molecular model built from the 
crystallographic structure as depicted in fig. 7b-c. Moreover, the measured angle 
Y=57.5° and the lengths of the crystallographic axes, a=10±1 A and b=5±0.5 A 
obtained from the AFM image are close to the unit cell parameters a=14.2A, b=5.4A 
and y=57.7° as determined by van Langevelde et al. (van Langevelde et al., 1999a).
It can now be concluded that molecular contrast images of P and P’ 
polymorphs resemble the (proposed) molecular structure, and no evidence for the 
occurrence of surface reconstruction was found. Therefore, these (bulk)-structures can 
be used as the input for the 2D-HP analysis.
5.3.4 H alf step on 16.16.16
Fig. 8a-c shows the outcrop of a remarkable type of stacking fault which is 
sometimes observed on the {001} surface of 16.16.16. This 120 ^m long outcrop 
appears as a straight step parallel to [010] with a height of V d i00, i.e. half the height 
of a normal monomolecular step. The presence of this stacking fault implies that one 
plane of tuning-fork shaped TAG molecules is shifted over the length of one alkyl 
chain, i.e. half a tuning fork. The beginning and end of this stacking fault are forced 
by two partial screw dislocations of opposite sign. Sub-steps have been reported for 
other crystals and sometimes enhance the growth rate according to the Ming 
mechanism (Bogels et al., 1997; Nai-Ben & Sunagawa, 1988). In the present case 
however, from the observed step patterns around the stacking fault it is concluded that 
the sub-steps created at the stacking fault do not act a growth source. Possibly, the 
long TAG molecules have difficulties in aligning along this sub-step and the activity 
of this step source is by far less than that of the growth spirals.
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F igure 5.8 Stacking fault on the 16.16.16 {001} surface. Heights at the upper side 
o f the half-step are indicated in fractions o f dooi relative to the lower side. (a) Start 
o f the stacking fault at a partial dislocation with screw component c/2. (b) End of 
the fault at a similar dislocation o f the opposite sign, (c) Central region o f the 
stacking fault.
5.3.5 Vicinal side-faces and morphology on the side faces of16.18.16
For the 16.18.16 crystals grown from the melt, in addition to {001} also 
vicinal faces {10l} were commonly imaged by AFM. In fig. 9 two different vicinal 
regions are depicted as A and B; the boundary between these regions is inclined with 
respect to the [010] direction. The average step height in region A is 1.8±0.2 nm, 
which corresponds to the monomolecular height d100. For region A, the terrace-width 
is approximately 39 nm, while for region B  it is 22.5 nm, which corresponds to 4.5 
d001 (9 molecules) for region A and 2.5 d001 (5 molecules) for region B. The strictly 
equidistant trains o f closely separated steps in region A and B suggest a strong 
interaction between adjacent steps, which stabilises both kinds of vicinal surfaces. A
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similar stabilisation of vicinal faces, owing to repelling steps, has been observed for 
metals (Frenken & Stoltze, 1999). The boundary between the two regions is rather 
strange. The angle between the step directions in the regions A and B is approximately 
20°, which would imply that the border represents a high angle grain boundary 
between two single crystals. However, the steps transform smoothly from one to the 
other region, so the whole crystal is single and vicinal face B must be of type {1k/} 
rather than {10l}.
F ig u re  5.9 (a) AFM deflection image of vicinal faces on 16.18.16 crystals grown 
from the melt. (b) Zoom-in of the marked region in (a). Both regions A and B show 
steps of height 1.8 ±  0.2 nm, which corresponds to d100). The step spacing is 39 nm 
for region A, and 22 nm for region B.
5.4 Comparison ofcalculated and observed step patterns
5.4.1 Comparing observed step patterns with overall 3D morphology
It is useful to compare the 2D surface morphology with the 3D crystal 
morphology, because interaction energies in {001} layers are much larger than the 
bonds between these layers. In other words: Eslice >> Eatt. For such large bond 
anisotropy, the 2D morphology is expected to resemble the 3D morphology to a great 
extent (Hollander et al., 1999).
The {001} surfaces of both 16.16.16 and 16.18.16 show dominant [010] steps, 
which are parallel to the side faces {100}. Besides this [010] direction, [100] and 
[120] step directions were observed which were less dominant. Together, these three 
directions, which are parallel to PBCs in the surface graph of the {001} face, make up 
the polygonized spirals as depicted in fig. 5.5 and 5.6. The analogous {100}, {01l},
113
Chapter 5
and {217} faces were also predicted and found on the 3D morphology of 16.16.16 
crystals (Hollander et al., 1999; Skoda & van den Tempel, 1967). Analogous to the 
never observed {11l} faces on the 3D morphology, the [11 0] step direction has not 
been observed on 16.16.16. This absence may be explained by the two interacting 
PBCs, q1-r1 and q2-r2, leading to a high kink density as explained above. Recent work 
has shown that because of similar reasons the {11l} faces of TAGs exhibit a very low 
step energy, which explains their high growth rate (Hollander et al., 1999).
5.4.2 Comparing observed step patterns with calculated patterns
The predicted step patterns with (i) BFDH, (ii) HP and (iii) HP-BCF for both P 
and P’ are depicted together with the observed patterns in fig. 5.5 using the data of 
table 5.3. All the observed steps are parallel to strong PBCs found from the various 
predictions. The strongest PBC in all predictions, which is [010], is indeed the 
dominant step on the observed morphology.
(i) The 2D-BFDH method predicts also dominant [110] steps, which are not 
observed. The reason is that the BFDH criterion does not take into account the 
two interacting PBCs in this direction, as mentioned above.
(ii) The HP method predicts the steps that are present on the 16.16.16 and
16.18.16 {001} faces. However, the predicted shape shows less anisotropy 
than the observed morphology. Moreover, there is no difference predicted 
between the P and P’ morphology.
(iii) For the HP-BCF model, the steps are predicted well. In case of 16.16.16, the 
observed difference between [100] and [12 0] is predicted, although the 
difference is predicted to be so large that the [120] steps disappear from the 
morphology. This model is the only one that predicts the observed large 
anisotropy in both P and P’. Moreover, the larger anisotropy for P’ is 
calculated as well. The only inaccuracy is that the predicted anisotropy is too 
large. This may be caused by the rather crude assumptions for k and AG*, as 
well as by the volume diffusion, which probably is a growth-limiting factor for 
the fast [100] and [1 20] steps. (sections 4.1 and 4.2). If the growth was not 
volume diffusion limited, then the anisotropy would probably higher as 
predicted by the HP-BCF model.
Note that in Fig. 5.4 the ratio between the [100] and [1 2 0] steps is predicted 
quite well for the HP method, while for the HP-BCF this ratio seems to be in favour 
of the [12 0] step. This difference stems from the Gibbs-Wulff construction of the 
highly anisotropic step patterns as deduced using the HP-BCF method, since the small
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difference between the step velocity of the [100] and [120] steps, as given in table 
5.3, makes the [100] step disappear from the morphology.
5.5 Conclusions
Three different criteria, namely the Bravais-Friedel-Donnay-Harker (BFDH) 
criterion, the Hartman Perdok (HP) criterion and the Hartman Perdok - Burton 
Cabrera Frank (HP-BCF) criterion can be used to predict 2D crystal morphology. 
These criteria were applied to predict the step patterns on the {001} faces of P
16.16.16 and the P’ 16.18.16 fat crystals. The HP-BCF method explained the 
observed patterns the best: the observed types of steps, their anisotropy in 
propagation, as well as the differences between P and P’ were predicted by this 
method. This shows that the HP-BCF method is a powerful way to understand and 
predict the morphology and the behaviour of steps of growing crystal surfaces.
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Growth and morphology of plank-shaped fat 
crystals
Growth rate versus supersaturation curves of various plank shaped 
triacylglycerol crystals grown from solution or melt are presented. It is shown that in 
most cases these curves exhibit a transition from a non-linear to a linear regime. This 
indicates a two-dimensional nucleation mechanism below and a transport limited 
mechanism in crystal growth above the transition. In the linear regime, the edges and 
corners of the plank shaped crystals are privileged by diffusion. This locally enhanced 
growth is exemplified by morphologically unstable, concave patterns, because the 
crystal top faces cannot suppress the perturbations in local supersaturation anymore. 
Due to the high anisotropy of fat crystals, the morphologically unstable patterns 
appear as non-facetted or facetted dagger-like shapes, depending whether the top 
faces are roughened or not. It is shown that for 16.16.16 grown from trioleate, flat 
faces are still observed above the transition, despite a completely linear kinetics. Only 
at even larger supersaturation these crystal faces become unstable, showing that flat 
faces can still be obtained under diffusion limited conditions.
Chapter 6
6.1 Introduction
Despite the present day's trend for diet-products, fats are still an important 
ingredient for the food industry. In many food products, the mixture of the specific fat 
molecules used as well as the crystal polymorph determine the success of the product 
itself. For example, chocolate turning white after storage (blooming) is caused by a 
polymorphic phase transition of the fats present in the chocolate.
Fats are mixtures of various fat molecules or triacylglycerols (TAGs), which 
are esterifications of three fatty acids with glycerol. To abbreviate the names of the 
various TAGs, we will use the nomenclature following de Jong et al. (de Jong & van 
Soest, 1978) as introduced in the first chapter of this thesis. In this nomenclature, each 
TAG molecule is denoted by the lengths of the three fatty acids making up the TAG 
molecule, i.e. Rj.R2.R3. For example 16.16.16 denotes tripalmitate.
The triacylglycerol crystals of the n.n.n and n.n+2.n (n = even and 10 < n < 
20) are characterized by long rod-like molecules causing elongated crystallographic 
unit cells. These elongated unit-cells result in elongated plank-shaped crystals of 
which the growth mechanisms for various crystal faces are different and thus may 
respond differently under a change in supersaturation. This makes TAGs a good 
model-compound for both crystal growth studies and morphology studies in nearly 
two-dimensional thin crystals.
This chapter is organized as follows. First, the morphology of TAG crystals at 
low supersaturation is discussed. Second, a short treatment is given of morphological 
instability of isotropic and anisotropic crystals. Thereafter, experimental results 
concerning the morphology and growth rates of specific fat crystals under various 
growth conditions are presented. In the last section, the experimental results are 
interpreted on the basis of the different growth processes introduced before.
6.2 Triacylglycerols
Besides a large variety, fats also show a rich phase diagram with three 
important polymorphs (Hageman, 1989). The a-phase, which is metastable and can 
only be obtained by rapid cooling from the melt, is used for spreads. The P'- 
polymorph, used in margarine, is normally also metastable, but transforms much 
slower into the stable P polymorph, which is characteristic for chocolate. Within each 
polymorph several sub-groups can be distinguished; for example the blooming of 
chocolate mentioned above is caused by a P(V) to a P(VI) phase transition (van 
Langevelde, 2000). As discussed in the previous chapter, the most stable polymorph 
of pure TAGs may be P' or P. In this chapter we will restrict ourselves to 10.12.10,
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16.18.16 and 16.16.16, as well as to literature results obtained from 12.12.12 and 
10.10.10. These TAGs belong to the homologous series of P'-2 n.n+2.n and P-2 n.n.n 
TAGs respectively (in both cases n is even).
6.2.1 The morphology ofTAG crystals
The experimentally observed morphology of the TAG crystals treated in this 
chapter is plank-like, as shown in the previous chapters 3 and 4. For both the P and P' 
TAGs used, three different families of faces can be distinguished, i.e. the large {001} 
faces, the elongated side faces and the small top faces. This implies that for the 
Morphological Importance (MI) the following relation holds:
MI(basal 001) >> MI(side 100) and MI(side 101) >> MI(top) . (6.1)
Similar to the n-alkanes, the morphological anisotropy is induced by the 
anisotropy of the long chain molecules itself, which results in different crystal growth 
mechanisms for each family of faces (Boistelle, 1980). The mechanism for the large 
{001} face will be merely determined by spirals, while the small top faces grow via a 
two-dimensional nucleation mechanism. In chapter 3, it is shown that experimentally 
three different top faces are observed for 16.16.16, i.e. the {01l}, {211} and {311} 
faces. According to the Ising temperatures of these faces, which can be used as an 
estimate for their roughening temperature, it was concluded that the {01 l} and {21 l} 
faces should dominate the morphology of these P TAGs. The {31l} faces are 
supposed to be stabilized by solvent molecules, since their Ising temperature is only 
half the value of that of the {011} and {211} faces. Only for 10.10.10 sometimes {11l} 
faces were observed at low supersaturation.
For the P ’ TAGs used, the topology of the connected nets for the top faces was 
shown to be quite similar to that of the P TAGs (chapter 4). Although similar, two 
small differences have to be notified between the two TAG families. First, compared 
to the other interactions, the bond strengths responsible for the needle-like 
morphology (along the b-direction) are relatively stronger for the P ’ TAGs implying 
longer plank-like crystals. Second, as shown in chapter 4, many top-faces are subject 
to a rough growth mechanism for the P'-TAGs. Third, the P ’ TAGs show a higher 
crystallographic symmetry (Ic2a) compared to the P TAGs (P 1), resulting in 
symmetry equivalent top faces {21l} and { 2 1l}. Moreover, this also implies that the 
indices of the observed top-faces of the P' TAGs are different compared to that of P, 
despite that the connected nets are similar. In chapter 4, it was shown that the 
hexagonal pattern of a single lamella parallel to the {001} face, as depicted in figure
119
Chapter 6
6.2, already indicates the morphology of the crystals. The difference in unit cell 
causing a difference in Miller indices for both the ß  and ß ' top faces is also indicated.
F ig u re  6.2 Hexagonal pattern making up the {001} face of the P and P' TAGs 
considered in this chapter. The gray and light gray spheres represent a single TAG 
molecule projected along its longest axis, oriented up or down respectively. The 
hexagonal pattern is made up of six interactions; two strong p-bonds, in the in ­
direction and two q1>2 and r1t2 interactions. For P, the q12  and r1t2 are all different. 
For P , q1=q2 and r^1=r^ .^ For both TAGs a unit cell is depicted on the right hand 
side. The black spheres represent the molecules making up the unit cell. The large 
gray area indicates the typical morphology for both the P and P' TAGs; needle-like 
with elongated side faces parallel to the b-axis.
6.3 Morphological instability
Most TAG crystals grow spherulitically, which implies that after three­
dimensional nucleation at one central point many single crystals grow out radially, 
with the fastest growing direction making up the growth front. This direction is 
determined by the top faces mentioned above in the case of TAG spherulites. If the 
single crystals are plank or needle-like, this makes the spherulites look like "sea 
urchins", with a densely packed center and long needles radiating outwards. 
Spherulitic growth is initiated from a polycrystalline nucleus formed at high
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supersaturation. Similar “sea urchin” spherulites are observed for lysozyme crystals, 
which are the result of liquid-liquid phase separation, prior to crystal growth (Muschol 
& Rosenberger, 1997). Here it is assumed that the polycrystalline nucleus is formed in 
a highly concentrated submicron sized droplet. No knowledge exists about the initial 
structure of the fat spherulites, whether these are formed from a polycrystalline 
nucleus, from a seed nucleated in a different polymorphic form or from a highly 
concentrated liquid of a different phase. Upon further growth of the fat spherulites, 
plank-shaped crystals develop which are suitable for growth rate and morphology 
examination.
Linear growth rate versus supersaturation curves are typical for rough surfaces 
and for diffusion limited growth. However, only in the case of diffusion limitation, the 
growth rate is dependent on crystal size. In literature many transitions in growth rate 
versus supersaturation curves have been reported like, for example, in the 
solidification of salol (Jackson et al., 1967), the growth of lysozyme crystals (Vekilov, 
Alexander & Rosenberger, 1996), liquid crystals (Hutter & Bechhoefer, 1999) or 
n.n.n TAGs (Skoda & van den Tempel, 1967). The reason for the transitions may vary 
and can be caused by, amongst others, a polymorphic transition (Hutter & 
Bechhoefer, 1999; Kellens et al., 1992) or a change from surface kinetics to transport 
limitation as will be shown in this chapter.
Kinetic roughening of flat faces is not a phase transition, and therefore it gives 
only rise to a gradual change in growth rate versus supersaturation curves (van 
Veenendaal et al., 1998). Flat faces that show kinetic roughening become rounded off 
(Jetten et al., 1984). Faces that are roughened may turn into morphological unstable 
patterns, like dendrites or hopper crystals (Kassner, 1995), if transport becomes a 
limiting process. These patterns are all characterized by concave shapes, caused by 
crystal corners and edges which are privileged crystal sites for crystal growth, because 
these parts are subject to a higher local supersaturation (Chernov & Nishinaga, 1983). 
The appearance of facetted ice-dendrites (Kepler, 1611) or box shaped bismuth 
crystals (Chernov, 1974) are manifestations of transport limited growth of non­
roughened crystal faces. Also flat faces may occur if growth is already limited by 
transport as for example potassium di-phosphate crystals grown from a gel solution 
(Lefaucheux & Robert, 1993) or lysozyme crystals (Vekilov et al., 1996). These 
examples show that perturbations introduced by transport decay in time because of the 
smoothing action of surface kinetics and therefore the crystals do not grow out into 
skeletal or concave shapes (Chernov, 1974).
The studies mentioned above concern isotropic or slightly anisotropic crystals. 
In the case of TAG crystals, the large anisotropy makes the crystals faces look quite 
different from the traditional morphological unstable patterns as will be shown below.
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6.4 Experimental
6.4.1 Method
All TAGs used as source material for crystal growth were purchased from 
Sigma and have 98% purity. To determine the growth rate versus supersaturation 
curve of the small plank-like crystals, an in situ growth cell was developed as shown 
in figure 6.2. The cell used for growth from the melt consists of a thin liquid layer 
sandwiched between a sapphire and a glass plate making a pseudo two-dimensional 
geometry. This small cell is incorporated in a copper mount, which temperature is 
controlled using a thermostatic bath with an accuracy of 0.02 K. In this setup the 
latent heat of crystallization is transported through the sapphire plate more quickly 
than through the crystallizing material itself. The pseudo two-dimensional geometry is 
not suitable for growth from solution, since the growth volume is too small. For 
solution growth the small cover glass is omitted and the entire volume is used for the 
solution. A conventional transmission microscope was used to carry out the 
measurements. To improve the image contrast, in many cases the growing crystals 
were examined between crossed polarizers. All growth rate measurements were 
carried out in the direction of the needle axis.
The growth rate versus supersaturation curves presented below are obtained 
from in situ crystal growth studies. To compare growth rate versus supersaturation 
curves in both cases, a dimensionless supersaturation Ap/kT  is needed. For melt 
growth the dimensionless supersaturation is related to the undercooling AT via
kT / melt
AHmelt AT 
RT T„, '
(6.2a)
where T is the growth temperature, Tm the melting temperature, AHmelt the melting 
enthalpy, R the gas constant and k denotes Boltzmann's constant. For solution growth 
the dimensionless supersaturation is given by
r A ^
kT
= ln
solution Ceq
(6.2b)
where C and Ceq are the actual and equilibrium concentration respectively.
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FIGURE 6.2 Cross-section of the circular solidification cell. (1) Water pipe, 
connected to the thermostatic bath; (2) Copper cell and mount; (3) Bolt; (4) Teflon 
cover ring; (5) Sapphire window; (6) Crystallizing material; (7) Additional cover 
glass; (8) Extra cover glass; (9) idem; (10) Teflon ring. For solution growth, the 
cover glass (7) is omitted and the entire free space is used for the solution. In this 
case the thickness of the growth cell is 5 mm in stead of <10 jlm. The diameter of 
the window of observation is 27 mm. The entire cell is 100 mm in diameter.
6.4.2 Observations: growth kinetics
For several ¡5-n.n.n TAGs different growth rate versus supersaturation curves 
are presented in literature. Skoda and van den Tempel (Skoda & van den Tempel, 
1967) were one of the first to publish growth-rate versus supersaturation curves for 
various faces of pure 16.16.16 and 18.18.18 TAGs grown from a trioleate solution. 
Their growth rate versus supersaturation curves all show an exponentially increasing 
regime at low supersaturation, which suddenly changes into a linear regime above 
(Aji/kT)=0A. The transition seems to show a discontinuity in the first order derivative 
of the growth rate versus supersaturation curve.
We measured the growth rate versus supersaturation curve of 16.16.16 in a 
dodecane solution. In figure 3, both our growth rate versus supersaturation curve and 
that of Skoda and van den Tempel are depicted. In this graph all data concern the 
growth speed in the needle direction. It can be seen that both curves show a similar 
transition between a non-linear and linear behavior, although for a very different 
growth speeds. Yokoyama et al. (Yokoyama, Tamura & Nishiyama, 1998) performed 
melt-growth experiments for 10.10.10 and 12.12.12 and found a similar transition in 
their growth curve. However, in this paper these measurements are not taken into 
account, since it is known that for growth from the melt different polymorphic forms 
are obtained (Kellens et al., 1992). Moreover, nothing is reported about the 
morphology of these crystals.
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At low supersaturations the morphologies of our crystals appeared to be 
identical to those observed by Skoda and van den Tempel. This indicates that 
dodecane and trioleate do not act differently towards specific faces. However, the 
absolute growth rates are quite different. Skoda and van den Tempel measured the 
growth rate of the three top faces, i.e. the {01/}, {211} and {311}, individually and 
showed that the transition is observed at the same dimensionless supersaturation for 
all these faces. In chapter 3, it was shown that the Ising temperatures for the three 
different top faces measured, are quite different, up to a factor 2. This shows that this 
transition cannot be simply due to kinetic roughening, since then the transition point 
should be different for each face.
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F ig u re  6.3 Growth rate versus supersaturation of 16.16.16 in trioleate (circles) 
and dodecane (squares).
Figure 6.4 shows two different growth rate versus supersaturation curves for
10.12.10 and 16.18.16 grown from the melt. It can be seen that while for 16.18.16 the 
growth rate remains linear with respect to the supersaturation, the curve of 10.12.10 
shows a transition from exponential to linear in a similar, perhaps more gradual, way 
as the curves in figure 6.3. For 10.12.10 also a curve is obtained by adding 10% 
12.12.12 as an impurity. The incorporation of 12.12.12 into the lattice of a 10.12.10 
crystal is not very likely since these TAGs are longer. This assumption is confirmed
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by the binary phase diagram of 16.16.16 and 16.18.16 (Wesdorp, 1990). It can be seen 
that the pure and the impure growth rate versus supersaturation curves of 10.12.10 
coincide for the non-linear part, but differ in slope above the transition. Here, the 
slope of the growth rate versus supersaturation curve of the impure solution is 
decreased with approximately 20% with respect to the pure curve.
FIGURE 6.4 Growth rate versus undercooling curves of 10.12.10 (left) and 
16.18.16 (right), both from the melt. For 10.12.10 also the growth rate versus 
supersaturation is included with 10% 12.12.12 added as an impurity.
6.4.3 Observations: morphology
Figure 6.5, shows different morphologies of the top faces of 16.16.16 crystals 
grown from a dodecane solution at different supersaturations. The crystals grown at 
low supersaturation show flat top faces and originate from a single nucleus, which is 
typical for spherulitic growth. These spherulites however are not fully developed into 
"sea urchins". For higher supersaturations, (Aji/kT)>3, the faces become rounded off, 
which indicates kinetic roughening.
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F ig u r e  6.5 Four images showing 16.16.16 grown from a dodecane solution. (a) 
Faceted top faces at (Aj /^kT) = 0.2 (b) Spherulite grown at (Ai/kT) = 0.3. (c) 
Grown at (Afi/kT) = 3, showing rounded off faces, (d) Spherulite grown at (Afi/kT)
= 3.
Figure 6.6 shows two succeeding images of 16.16.16 grown from a trioleate 
solution below the transition point at A/i/kT=0.2 at T=42 °C. The system was relaxed 
for a few days to equilibrate and the crystals show well developed flat {01l} and 
{211} top faces. Assuming that all excess material was crystallized and a new 
equilibrium concentration was set in, the temperature was decreased to 37 °C, causing 
a new dimensionless supersaturation of A/i/k7=1.2, hence, above the transition point. 
It can be seen that immediately, the corners of the crystals start to grow resulting in a 
facetted concave morphology. Because of the concave shape it is clear that in this case 
kinetic roughening has not yet set in.
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FIGURE 6.6 Two successive images of16.16.16 grown from a trioleate solution at 
42 °C and 37 °C respectively. (a) Morphology showing well-developed {21l} and 
{01l} faces after obtaining equilibrium by relaxation for three days, (b) A few 
minutes after lowering the temperature, enhanced growth is observed leading to 
concave tip morphology.
In the case of 16.18.16 no transition point is observed in the growth rate versus 
supersaturation curve, although, the morphology changes in a similar way as for
10.12.10 grown above and below its transition point. Figure 6.7 shows the 
morphology of TAG crystals of the P' type, i.e. 10.12.10 and 16.18.16, for low and 
high supersaturation. It can be seen that the facetted faces observed at low 
supersaturation, become non-facetted dagger-like at higher supersaturation. Here 
clearly kinetical roughening is involved.
All observations elaborated in this chapter are summarized in table 6.1.
TABLE 6.1 Summary of the different morphologies for the various TAGs considered in 
this chapter.
Growth rate Flat-rough
Grown Morphology above
TAG transition Transition
from transition
[(Ap/kT)] [(Ap/kT)]
16.16.16 trioleate 0.5 - faceted concave
16.16.16 dodecane 1.2 3.0 rounded off, concave
10.12.10 melt 0.5 0.5 dagger
16.18.16 melt - 0.7 dagger
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F ig u r e  6.7 Images of 10.12.10 grown from the melt, at 37 °C (a) and 32 °C (b), 
respectively above and below the transition temperature of 35 °C. In both cases 
the spherulitic morphology can be seen. A similar transition is observed for 
16.18.16, as can be concluded from the morphology at 67°C and (c) at 64 °C (d).
6.5 Discussion and conclusions
It is shown that for the top faces of TAG crystals, three different types of 
morphologies are observed, (i) flat, (ii) rounded off and (iii) concave. According to 
the kinematic wave theory (Frank, 1958) concave crystal shapes are impossible 
without local differences in supersaturation. Further, polarization microscopy and 
surface examinations showed that the large majority of the crystals is not twinned, 
which might also cause concave crystal shapes. Therefore one has to conclude that the 
concave shapes result from transport limited growth. This implies that diffusion 
limitation rather than the occurrence of kinetic roughening explains the observed 
linear kinetics above the transition point in the growth rate curves for the ¡3' TAGs.
The easiest way to verify whether volume diffusion is rate limiting in solution 
growth is by determining the kinetic Péclet number (Allègre, Provost & Jaupart, 1981; 
Vekilov et al., 1996; Vekilov et al., 1999). This dimensionless number denotes the 
ratio between transport and diffusion:
P ek = P f D  (6.1)
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where 3  is the face kinetic coefficient, D  the solute diffusivity and 8 a characteristic 
diffusion length. Values o f Pek « 1, indicate purely kinetic and Pek » 1, purely 
transport controlled growth. The face kinetic coefficient can be related to the actual 
growth speed R of the system:
3 = R
3 f  Q Cmo  f ' ^ 2)m eq surf
Here Q  is the molecular volume, Cm the molecular concentration o f the solution ateq
equilibrium and <Jsurf the driving force present at the interface, which is defined by
a surf V surf eq " eq
where Csurf and Ceq denote the surface and equilibrium concentration. Since 
the actual surface concentration is not known for our experiments, we will replace this 
with the initial concentration C  ^ as a crude approximation (Vekilov et al., 1996). 
Hence we assume that <Jsuri^ <7buik- This leads to the following approximated Peclet 
number, which depends on the growth rate o f the crystal face itself, the initial 
supersaturation applied and the diffusion length:
p _ SR
ek Q Cma  D (6 4)m Ceq bulk D
This approximation implies that the approximated Pek is smaller than its actual value. 
Therefore, the limiting cases must be adjusted to, say, Pek « 0.1, indicating purely 
kinetic and Pek » 1 indicating purely transport controlled growth (Vekilov et al., 
1996).
In the case o f 16.16.16 grown from trioleate and dodecane, the Peclet 
numbers can be calculated using the data given in table 6.2. For both cases, 
Cemq =xeq/Qm = 1.5-1019 cm-3 and Qm=1.3-10"21 cm3.
Table 6.2 Estimates of the dimensionless Peclet numbers for the growth of 16.16.16 
from a trioleate solution and a dodecane solution. The numbers for the trioleate 
solution are taken from Skoda and van den Tempel (Skoda & van den Tempel, 1967). 
The dodecane data are taken from the present experiments. RT denotes the growth 
rate observed at the transition point. The fractions x and xeq denote volume fractions. 
<5buik is calculated by assuming ideal mixing behavior.
Solvent
Rt D T 8 X
Gbulk Pek[pm/s] [ßm2/s] m [pm] xeq
Trioleate 0.0017 7.5 43 10-100
0.02
0.01
1.0
0.12­
1.2
Dodecane 1.5 300 35 10-100
0.02
0.0017
11
0.24­
2.4
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In both cases, the Peclet number indicates that in the transition regime of the 
growth rate versus supersaturation curves both kinetics and diffusion are important. 
Almost identical numbers are found for trioleate and dodecane, although there is a 
large difference in growth rate at the transition point. This difference is compensated 
by the larger diffusion constant in the dodecane solution. This implies that for the 
linear regime in the growth rate versus supersaturation curves of growth of 16.16.16 
from solution, transport is likely to be the rate limiting process. Because Pek increases 
gradually as a function of the supersaturation, the role of transport will become more 
important, which may cause morphological instabilities. These instabilities are indeed 
observed above the transition point, causing faceted concave shapes as shown by the 
two successive images of figure 6.6.
Below the transition point of all TAGs mentioned, except for 16.18.16, the 
growth rate versus supersaturation curve shows a non-linear behavior, indicating a 
two-dimensional nucleation or spiral growth mechanism. A clear distinction cannot be 
made due to the quality of the data for 16.16.16, as was also concluded by Skoda and 
van den Tempel (Skoda & van den Tempel, 1967). Note that spiral growth for the top 
faces is not very likely since the screw dislocations will soon grow out of the crystals 
owing to the elongated morphology. A two-dimensional nucleation mechanism is 
therefore more likely.
For the solidification of the P -10.12.10 TAGs, the growth rate versus 
supersaturation curve shows a similar transition from a nucleation limited growth 
towards a transport limited growth. In this case, the restriction by transport can be due 
to two different kinds of transport; namely latent heat diffusing away from the growth 
front or impurities present in the solution "building up" in front of the growing crystal. 
To our opinion heat transport is not very likely, because the maximum growth speed 
observed for 10.12.10 is comparable to that of 16.16.16 grown from dodecane, which 
is mass transport controlled. Further, the sapphire window on which the material is 
crystallizing directly removes the latent heat, because the thermal conductivity of 
sapphire is much larger than that of the crystallizing material. Another argument 
follows from the comparison of the growth rate versus supersaturation curves of pure
10.12.10 with that of 10.12.10 with 10% 12.12.12 added as an impurity. In the surface 
kinetics controlled regime the growth rates coincide, but the impure curve slows down 
at supersaturations above the transition regime. This may imply that a larger amount 
of impurity accumulates at the growing crystal front in the impure case, which hinders 
transport of growth units towards the growing crystal face. Note that the “pure” TAGs 
used contain at least 2% impurity.
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Below the transition point, both 10.12.10 and 16.18.16 show a faceted 
morphology, but a different growth rate versus supersaturation relation. In the case of
10.12.10 this is comparable to that of 16.16.16 grown from the solution, i.e. non­
linear, indicating a two-dimensional nucleation mechanism. For 16.18.16 the entire 
curve shows a linear behavior; the high supersaturation part can again be explained by 
mass transport limited growth of impurities exemplified by the dagger shapes. 
However, the reason for the linear behavior at low supersaturation is not clear. As 
concluded in chapter 4, the top faces of both 10.12.10 and 16.18.16 appearing in melt 
growth are top-faces with Miller indices {61l} or {81l} which contain no connected 
nets and are, therefore, expected to grow rough. The only top faces having a 
connected net with finite edge energies are the {211} faces, which have never been 
observed in melt growth. We were not able to find a relation between the 
supersaturation and the actual vicinal face present. Moreover, the purity of the used
10.12.10 and 16.18.16 was not known. This implies that further studies are necessary 
to draw any conclusion from this different morphological behavior of 10.12.10 and 
16.18.16.
The morphologically unstable patterns observed for the anisotropic TAGs 
result in faceted or non-facetted dagger like shapes. The appearance of reentrant 
corners or concave shapes is an indication of a morphological unstable pattern on a 
plank like crystal. These shapes can therefore be compared with the occurrence of 
faceted and non-faceted dendrites for less anisotropic crystals. Due to the high 
anisotropy of the TAG crystals the characteristic wave-like perturbations, which cause 
the side arms in isotropic dendritic crystals, can never develop. Therefore a concave 
tip terminates a morphologically unstable plank-like crystal. If growth proceeds below 
the kinetic roughening point then the tips become facetted. The tips are concave and 
dagger-like if the growth proceeds for surfaces that are roughened.
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' Recrystallization phenomena ofsolution grown 
paraffin dendrites
Paraffin crystals were grown from decane solutions using a micro-Bridgman 
set-up for in-situ observation of the morphology at the growth front. It is shown that 
for large imposed velocities, dendrites are obtained. Besides dendritic growth, aging 
or recrystallization processes set in rather quickly, changing their shape considerably 
from the well-known dendritic shapes of melt grown dendrites. It is shown that 
several factors may cause these post-growth shape transitions: surface minimization, 
uptake and sweating out afterwards of solvent material and polymorphic phase 
conversion. It is shown that the first two recrystallization mechanisms are the most 
important for tricosane (n-C23H48) and pentacosane (n-C25H52) dendrites. Especially 
surface minimization by increasing the thickness of the crystals is favorable. For 
dotriacontane (n-C32H66) dendrites, the recrystallization behavior appears to be less 
dramatic. It is shown that the uptake and sweating out of solvent material afterwards 
may lead to formation of holes within the dendrites.
Chapter 7
7.1 Introduction
In the last decades large efforts have been invested in a fundamental 
understanding of the solidification of materials. Especially, morphologically unstable 
patterns, like dendritic or seaweed like crystals (Glicksman & Marsh, 1993; Kassner, 
1995) gained much theoretical interest. For instance, phase field modeling 
(Kobayashi, 1993) pointed out to be a very powerful computational technique to 
simulate dendritic patterns and alloy solidification (Caginalp & Xie, 1993; Murray, 
Wheeler & Glicksman, 1995). Most studies assume that the dendrites are grown from 
the melt and have always microscopically rough faces. Nowadays dendritic growth 
experiments that fulfil these assumptions are well understood. Anisotropy in the 
surface tension is necessary for obtaining dendrites, which make dendrites reflect their 
underlying crystallographic lattice. If the crystal lacks an anisotropic surface tension, 
seaweed crystals are obtained (Kassner, 1995; Meiron, 1984) which do not show the 
regular-branched structure of dendrites. Both dendritic and seaweed patterns can be 
compact or fractal like depending on the supercooling applied (Kassner, 1995). 
Dendritic crystals exhibiting facetted side arms, hence not microscopically rough, like 
ice-crystals, are still not quite well understood. In the last decades large efforts have 
been invested in a fundamental understanding of the solidification of materials. 
Especially, morphologically unstable patterns, like dendritic or seaweed like crystals 
(Glicksman & Marsh, 1993; Kassner, 1995) gained much theoretical interest. For 
instance, phase field modeling (Kobayashi, 1993) pointed out to be a very powerful 
computational technique to simulate dendritic patterns and alloy solidification 
(Caginalp & Xie, 1993; Murray et al., 1995). Most studies assume that the dendrites 
are grown from the melt and have always microscopically rough faces. Nowadays 
dendritic growth experiments that fulfil these assumptions are well understood. 
Anisotropy in the surface tension is necessary for obtaining dendrites, which make 
dendrites reflect their underlying crystallographic lattice. If the crystal lacks an 
anisotropic surface tension, seaweed crystals are obtained (Kassner, 1995; Meiron, 
1984) which do not show the regular-branched structure of dendrites. Both dendritic 
and seaweed patterns can be compact or fractal like depending on the supercooling 
applied (Kassner, 1995). Dendritic crystals exhibiting facetted side arms, hence not 
microscopically rough, like ice-crystals, are still not quite well understood.
For dendritic patterns grown from solution, the same theory as for melt grown 
patterns may be applied (Muller-Krumbhaar, 1987). The main differences are some 
slightly different definitions of the important quantities determining the problem, like 
a dimensionless diffusion field and the supersaturation. One important difference 
emphasized here is that for solution growth, the transport-limiting factor is the 
diffusion of growth units towards the interface, instead of the generation of latent
134
Recrystallization phenomena of solution grown paraffin
heat, which is transported away from the interface in solidification processes. The 
diffusion of additionally generated latent heat in solution growth is much faster than 
the diffusion process of material, making the transport of material the only rate- 
limiting process in solution growth.
All studies concerning dendritic growth mentioned above paid a lot of 
attention to the actual shape of the growth front of dendritic crystals. These processes 
involved in this of course determine largely the physical properties of the material 
after growth. The most important recrystallization process in solidification from the 
melt is the formation and recrystallization of grain boundaries, which can be studied 
by phase field modeling (Kobayashi, Warren & Carter, 1998). For solution growth, 
the reduction of the excess of surface generated during the growth process also drives 
the recrystallization processes, but grain formation is less important and 
recrystallization manifests itself in a different way. A well-known example, already 
shown by Saratovkin in the 1950s (Saratovkin, 1959) is the recrystallization effect 
after dendritic growth of ammonium chloride, grown from an aqueous solution. 
Directly after the formation of the dendrites, arms are pinched off and develop into 
elongated single crystals. Several hours after growth, the entire pattern is changed into 
a macroscopic dendrite consisting of numerous elongated single crystals. Bienfait 
(Bienfait & Kern, 1964) showed that if ammonium chloride dendrites are grown in 
small, isolated, droplets with a radius less than a millimeter, the initially grown 
dendrites transform into a facetted crystal, within 100 hours. This example shows that 
the time scale of recrystallization can be extremely important for the final material 
properties of solution grown crystals. In this chapter we will show the possible effects 
of the surface minimization and the uptake of solvent material on the final shape of 
Bridgman grown paraffin dendrites from a decane solutions.
7.2 Paraffins
A significant fraction of crude oil consists of n-alkanes, which form a main 
compound for many important products, like gasoline, lubricants or candles. Longer 
n-alkanes are, for example, notorious for their wax crystallization in diesel in cold 
regions, which results in blocked fuel filters. Therefore knowledge of the 
crystallization process of these compounds is essential in their production and 
utilization.
Long chain compounds, such as n-alkanes and fats show a rich phase diagram 
of different polymorphs (Broadhurst, 1962). For n-alkanes up to approximately 44 
carbon atoms, four main polymorphs are important depending on the number of 
carbon atoms, the purity and the applied supersaturation. These four polymorphs are
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"rotator", monoclinic, triclinic and orthorhombic. The rotator phase, which is 
normally detected just below the freezing point, is a special phase, compared to the 
other phases, showing characteristics of both liquids and crystalline solids (Turner, 
1971) and are therefore considered as plastic crystals. This phase has the three­
dimensional long-range order of the molecules, but lacks the long-range order in the 
rotational degree of freedom of the molecule about its long axis. Hence these crystals 
are isotropic in the plane perpendicular to the long axes of the molecules, implying 
that the morphology of such crystals must be disc-shaped, as shown by Van Hoof for 
tricosane (van Hoof et al., 1998a). Several slight variations of rotator phases exist. For 
example, five different kinds of rotator phases are reported for /-alkanes, in which the 
molecular tilt, the lattice distortion and the azimuthal ordering are different (Sirota et 
al., 1993; Sirota & Singer, 1994). Succinonitrile (SCN, NC(CH2)2CN) and camphene 
(Rubinstein & Glicksman, 1991) are other examples of plastic crystals, always 
showing dendritic crystals that resemble the shape predicted by the solidification 
theories mentioned above, although not in a quasi two-dimensional shape like 
paraffins.
Besides the rotator phase, which is stable just below the melting temperature, 
all paraffins have a low-temperature ordered state, which, depending on the number of 
carbon atoms, are the triclinic, orthorhombic or monoclinic polymorphs. Below 
approximately 26 carbon atoms, triclinic /-alkanes are the most stable ones; for longer 
/-alkanes the monoclinic polymorph is most stable. For even numbered /-alkanes that 
are not quite pure and for which the number of carbon atoms is larger than 22 the 
orthorhombic polymorph is encountered. The orthorhombic polymorph is also found 
to be the most stable one for odd /-alkanes between 11 and 33 carbon atoms. In this 
study we will only focus on tricosane (/-C23H48), pentacosane (/-C 25H52) and 
dotriacontane (/-C32H66) crystals, for all of which the orthorhombic polymorph is the 
most stable one.
The morphology of paraffin crystals is platelet like, showing large top and 
bottom {001} faces. Except for the rotator phase, the side faces of the crystals are 
facetted, if  grown at low supersaturation and not too high temperatures. The effect of 
the various polymorphic forms on the morphology of paraffins is not as large as the 
effect of chain length of the paraffin itself. In general, the longer the chain, the thinner 
the crystal will be. This agrees with the most simple morphology prediction model, 
the Bravais-Donnay-Friedel-Harker (BFDH) method (Donnay & Harker, 1937; 
Friedel, 1907), which predicts that the morphological importance of a face is roughly 
inversely proportional to the interplanar thickness, dhM, of that face.
The thickness of paraffin crystals is very important for recrystallization 
effects. Van Hoof et al. (van Hoof, van Enckevort & Schoutsen, 1998b) showed that
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at low supersaturation, during the same experiment, thin orthorhombic tricosane 
crystals dissolve, while thicker crystals grow within close vicinity. Using Monte­
Carlo simulations, they showed that due to the Gibbs-Thomson effect, the curvature 
of the side faces is too large for the thin crystals, resulting in the dissolution.
F ig u r e  7.1 The in-situ Bridgman furnace. The thermostatic bath and heater 
regulate the temperatures of the cold and hot finger respectively. The stepping 
motor with a pulling velocity Vexternai translates the sample.
7.3 Experimental
For sample preparation, tricosane (n-C23H46), pentacosane (n-C25H52) or 
dotriacontane (n-C32H66) is dissolved in decane at approximately 50o C, with mass 
fractions of 0.4-0.6. All chemicals are purchased from Sigma-Aldrich and have 99% 
purity. One small droplet of solution is placed on an ordinary microscope preparation 
glass of 2 mm thickness and is covered by a thin cover glass of 0.17 mm thickness. 
Pressing gently onto the cover glass squeezes out the excess of material. In this way 
the thickness of the film turned out to be less then 10 ¡im . The sample is then placed 
in the micro-Bridgman furnace as depicted in figure 7.1. The temperature of the hot 
finger is generated using an electrical heating wire and allows temperatures up to 300o 
C. The cold finger is constructed by using a water flow of constant temperature, 
generated by a thermostatic bath. The distance d between both fingers can be adjusted 
between 1 and 5 cm, but 1.5 cm is used in all experiments. In between both fingers the 
growth front can be observed using a microscope equipped with a digital camera or 
video. The sample and sample-holder can be translated at different speeds using a 
stepping motor. After starting the experiment, the system is assumed to be in a steady 
state, when the growth front remains at a fixed position with respect to coordination 
frame of the microscope. Polarizers, which are slightly off from "crossed orientation",
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are used to obtain images with the highest contrast. In most cases, this is the only way 
to observe the thin dendrites at the growth-front. Since the crystals appearing at the 
growth front are not birefringent this supports our assumption that these crystals are 
grown in the rotator phase. Moreover, birefringent paraffin crystals, indicating an 
orthorhombic polymorph, are only observed after the experiment. This indicates that 
the solid state transition from the rotator to the orthorhombic state takes place after 
growth. The transition is normally not observed during the experiments, except for 
highly concentrated solutions as discussed in section 4.3. In table 1, all parameters of 
the various experiments performed are given. All in-situ pictures shown here cover a 
surface area of 900x900 im 2. In all images the growth direction is upwards.
T a b le  7.1 Parameters used in the Bridgman experiments.
Figure
Concentration Translational Temperature
Material [mass fraction Velocity Hot finger/Cold finger
in decane] [im/sec] [°C]
7.2 SCN 1 7 90/50
7.3a tricosane 0.4 7 85/25
7.3b dotriacontane 0.75 7 36/25
7.4a Tricosane 0.4 13 36/25
7.4b Pentacosane 0.5 7 36/25
7.4c Tricosane 0.4 13 36/25
7.4d Tricosane 0.5 7 36/28
7.5abc Tricosane 0.5 7 36/25
7.6ab tricosane 0.25 7 36/25
F ig u r e  7.2 Succinonitrile crystals showing the well-known dendritic patterns with 
side-arms growing out of the sinusoidal distortion of the parabolic front. Behind the 
growth front recrystallization ofthe side-arms takes place.
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7.4 Observations
7.4.1 Succinonitríle dendrites as a test case
Before going to the complicated dendritic patterns of the paraffin crystals, first 
some results of SCN dendrites grown from the melt are depicted in figure 7.2. As 
mentioned above, SCN, is a well-known model compound for the study of dendritic 
patterns (Glicksman & Marsh, 1993). Since it is an organic compound with a melting 
temperature of 58 °C, it is easy to study its solidification from an experimental point 
of view as compared to metals. Therefore, SCN is used frequently as a model 
compound in metallurgy. In figure 7.2, a steady growth front is advancing in the 
direction of the cold finger. In this case the underlying lattice of SCN has a large 
angle with respect to the largest temperature gradient in the Bridgman furnace, which 
results in off-angle dendrites with larger side-arms in one direction. Close 
examination of the dendritic tips, show the wavy patterns characteristic for the 
generation of side arms. Note that in figure 7.2, behind the growth front, 
recrystallization effects can be observed for the SCN dendrites. The space in-between 
two adjacent side arms tends to disappear, resulting in one large elongated single 
crystal, instead of the initial dendritic shape. This shape is of course energetically 
more favorable, since it results in less surface area. Holes can be observed, which are 
the results of merging side arms.
7.4.2 Tricosane, pentacosane and dotriacontane dendrites
In interpreting all in-situ images of paraffin crystals presented in this paper 
one has to realize that although they may appear two-dimensional, the crystals and 
their environment are still three-dimensional. Further, for solution grown dendrites, an 
important difference as compared to melt grown crystals is of course that the relative 
amount of crystallizing material is much less, resulting in relatively more free space 
for a single dendrite to grow. In figure 7.3, typical tricosane and dotriacontane 
dendrites are shown. Note that the tips of both dendrites are comparable, but behind 
the growth front the recrystallization phenomena result in rather different shapes. In 
the case of the tricosane dendrites it is observed that the dendrites appear darker at the 
back than near the growth front indicating a thin crystal close to the tip, which get 
thicker further away from the growth front towards the cold finger. The same
139
Chapter 7
difference can be observed by comparing the darkness of the crystal areas near the 
edges and in the central, however, note that here the darker regions are the edges, not 
the central areas. The recrystallization effects are very profound in the case of the 
tricosane dendrite, showing pinched off parts and even holes within the crystal. In 
addition, the different gray levels within the crystalline part of the images, which are 
measures for the relative difference in crystal thickness, have a different cause for 
both images. For the dotriacontane dendrites (3 b) these are the result of different 
dendritic tips which are covering each other, while for the tricosane dendrites (3 a) the 
height differences are observed within a single dendritic arm, indicating growth or 
recrystallization of the dendrite itself.
F ig u r e  7.3 (a) Tricosane dendrite showing recrystallization phenomena behind 
the dendritic tip, resulting in pinched off arms, increasing thickness and holes. (b) 
Dotriacontane dendrites showing almost no recrystallization phenomena, but only 
very thin crystals "sliding" over each other, resulting in locally increased gray 
levels.
Different manifestations of recrystallization effects are depicted in more detail 
in figure 7.4. In figure 7.4a, it can be seen that if the velocity is increased for low 
fractions of tricosane, the dendritic shape exhibits many holes and recrystallization 
phenomena. It also shows that the recrystallization phenomena may manifest in 
different ways and are induced in a not fully controlled way. This can be seen by the 
absence of holes in the left dendrite, while in the right dendrite holes occur 
irregularly, going from top to bottom. More plate-like pinched off dendritic arms are 
generated for pentacosane dendrites as shown in figure 7.4b. In figure 7.4c, which is 
made about one millimeter behind the growth front, the tricosane crystals exhibit 
darker and brighter regions indicating increasing thickness of the crystals. In Figure 
7.4d, the creation of a hole within the crystal surface can be seen, with darker regions 
indicating a thicker crystal around the interface of the hole. Sharp differences in
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contrast can also be observed within the dendrites, indicating multiple steps, which 
imply that contrast differences within the crystals are not due to solid-solid state phase 
transition, but results from differences in crystal thickness.
F ig u re  7.4 Recrystallization phenomena of odd paraffins: (a) holes inside 
tricosane dendrites (b) pinching off of arms from pentacosane dendrites (c) 
thickening of the crystal by recrystallizing edges (d) combination of hole formation 
and thickening, indicated by the darker regions near the edges of the crystals. 
Multiple steps can be observed, showing that the contrasts do not present a solid­
solid state phase transition.
In figure 7.5 three successive images o f  a growing tricosane dendrite are 
depicted. In these images the microscope was kept at a fixed position with respect to 
the dendritic coordination frame by hand. In this way the effects o f  the 
recrystallization can be observed in time. Four important things can be seen from 
these images. First, the contrast o f the interface increases going from tip to the back o f  
the dendrite. The dendrite increases its width in time, indicating that the growth still 
proceeds after the first image is made. Second, at the rear o f the dendrites the inner 
part o f the dendrites appears much darker than at the tip, indicating thicker crystals. In 
figure 7.5b several different gray-levels can be distinguished moving from the tip to 
the lower end o f the dendrite. A  close examination o f figure 7.5c even shows more
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different levels of thickness within the main stem of the dendrite. Third, the width of 
the dendrite first increases, like "traditional" melt grown dendrites, but in the part 
where also the darker regions appear, it decreases again, contrary to the solidification 
model mentioned above. Fourth, several holes appeared in the crystal, indicated by HA 
and Hb in figure 7.5c. Only the occurrence of holes indicated with HA are the results of 
merging side arms, similar to the SCN dendrites of figure 7.1. The holes indicated 
with Hb are formed spontaneously in the middle of the crystal, similar to figure 7.4d.
F ig u re  7.5 Three successive images of a recrystallizing tricosane dendrite. The 
microscope is kept at a fixed position with respect to the dendrite coordinate system.
7.4.3 Solid-solid phase transition
In figure 7.6 two successive images are shown that indicate the occurrence of 
a solid state phase transition of tricosane dendrites grown from a decane solution. In 
figure 7.6b, approximately 1 millimeter behind the growth front, a new front is 
observed showing a distinction in gray-level and the initially grown crystal surfaces 
seem to become damaged. The transition, appearing as a moving interface parallel to 
the growth front, is only observed for highly concentrated solutions. In this example, 
the initial fraction of tricosane is 0.75. The solid state phase transition front
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propagates with the same velocity of 7 ^m/sec as the growth front. For the dendrites 
grown at lower fractions this phase transition was never observed clearly. Due to the 
devastation of the initially grown paraffin crystal surfaces, as can be seen by 
comparing the surfaces above and below the arrows indicated in figure 7.6b, the solid­
solid state transition front can be distinguished easily from thickening of the crystals 
as mentioned above. Similar to the experiments performed by Nozaki et al. (Nozaki et 
al., 1995, Nozaki, 1997 #170, Nozaki, 1998 #169)] crack like patterns appear that 
destroy the initially grown morphology. They found the transition front to move 
through a single pentacosane crystal reversibly, by heating and cooling the crystal 
around the transition temperature of the low-ordered crystalline state and the rotator 
phase. In both cases cracks appeared on the {001} surface.
■
> ' >
F ig u r e  7.6 Two successive images oftricosane dendrites grown from a 75 volume 
percent decane solution. Behind the growth front a new front can be seen, w^ hich 
changes the surface morphology of the crystals, indicating the phase transition 
from the rotator phase to the orthorhombic phase.
7.5 Two recrystallization mechanisms
The patterns appearing at the growth front of the SCN dendrites are 
characteristic dendritic patterns as predicted by solidification theory. Already behind 
the growth front it can be observed, that the morphology of the SCN dendrites 
changes due to the recrystallization, which leads to merging side arms. The patterns of 
the tricosane dendrites look different from the SCN dendrites, especially further away 
from the growth front, although recrystallization phenomena are also present there. In 
this section two mechanisms are given that may lead to the recrystallization. It will 
also be shown that the pseudo two-dimensional structure of paraffins leads to a typical 
difference in growth patterns as compared to the SCN melt grown dendrites.
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From the simple Bravais-Friedel-Donnay-Harker method (BFDH) (Donnay & 
Harker, 1937; Friedel, 1907)] as mentioned above, a rough indication for the aspect 
ratio of paraffin crystals as a function of the number of carbon atoms can be derived. 
Here we define the aspect ratio as the width to thickness ratio of the crystals. The 
lengths of the crystallographic axes are given by (a=7.42A, b=4.96A and 
c=2.54n+3.693A) and (a=4.96A, b=7.478A, c=2.546n+3.75A) for the even and odd 
numbered paraffins used in chapter respectively [24]. Hence, the aspect ration A can 
be estimated by:
A(n) = — d002— = / c(n\  ~ 0.4n + 0 .6 . (7 1 )
W  < dside > (a + b) (71)
This simple formula indicates that the aspect ratios of tricosane A(23)~9.8, 
pentacosane A(25)~10.6 and dotriacontane A(32)~13.4. More sophisticated analysis, 
based on the Hartman-Perdok theory (Grimbergen et al., 1998b; Liu & Bennema, 
1993; Liu & Bennema, 1994; Liu & P. Bennema, 1993; van Hoof et al., 1998a) result 
in better, but more complicated, estimates for the aspect ratios. For the growth form, 
based on the attachment energy, these studies result in aspect ratios of 10 for the 
growth form and only 2 for the equilibrium form of tricosane (Grimbergen et al., 
1998b). Note that the effect of the number of carbon atoms only weakly influences all 
predicted morphologies. Boistelle (Boistelle, 1980) already pointed out that 
experimentally observed aspect ratios of n-alkanes are always larger than predicted 
values, due to the different growth mechanisms for both directions, i.e., spiral growth 
for {001} faces and two-dimensional nucleation for the side faces.
The aspect ratios of the dendrite tips in our experiments are far off the values 
estimated, as can be concluded from images 7.3 and 7.5. In our experiments, the 
imposed growth velocity is large. Because of the different growth mechanisms of the 
top and the bottom faces (slow 2D nucleation or spiral growth) and the side faces 
(kinetically roughened growth leading to non-facetted shape), this causes extensive 
aspect ratios (Boistelle, 1980). Since the dendritic tips are hardly visible in the optical 
microscope used, their thickness is assumed to be less than 1 ^m. Moreover, the 
entire thickness of the cell is 10 ^m, resulting in an aspect ratio at the tip of about 200 
in figure 7.5a, which is about two orders of magnitude larger than the equilibrium 
value. In the same figure it can be seen that behind the tip, the width, i.e. the aspect 
ratio, decreases approximately one order of magnitude.
The very large difference between growth form and equilibrium form makes 
recrystallization very favorable, especially if this leads to thicker crystals. Consider 
figure 7.7, in which an initially disc-shaped crystal of radius R and thickness S
7.5.1 Surface m inim ization
144
Recrystallization phenomena of solution grown paraffin
transforms into a thicker crystal of radius R' and thickness 8. The proposed 
conversion mechanism is indicated by A ^  B ^  C. It is assumed that material is 
dissolving from the thin grown edges of the dendrite and recrystallizes again on top of 
the {001} faces near these edges. Assuming that the surface energy of a side face and 
that of the {001} face are given by ysjde and y001 respectively, then the difference in 
surface energy after recrystallization is given by:
4G  = 2n{(R'Y -  R \o o ,  + 2n(R'8'-R8 )ysUe. (7.2)
This equation shows that especially for extremely thin crystals, like paraffins, 
recrystallization by increasing its thickness is very efficient. To reduce the crystal 
surface, two ways are possible. Besides by increasing the crystal thickness, the 
surface area can be minimized by reducing the surface perpendicular to the {001} 
face, i.e. the side faces, which make up the contour of the dendrites in all images. 
Although, increasing in thickness is kinetically more difficult due to a barrier for 2D 
nucleation or the absence of growth spirals the gain in energy is very high, especially 
for longer n-alkanes. Therefore for the shorter n-alkanes, tricosane and pentacosane, 
thickness growth even at the cost of increase of contour length is the dominant 
process in recrystallization. It can be seen from figure 7.3b that there is no increase in 
thickness for the longer dotriacontane crystals, implying that a two dimensional 
nucleation mechanism on top of the {001} faces of these crystals is too difficult or 
etching away at the edges is impossible. Moreover, in figure 7.5 c, the shape of the 
hole resulting of two merging side arms, indicated with Ha, is very thin and elongated, 
implying that the curvature of the contour lines, i.e. the amount of side face area, is 
not so important. in which the crystal volume remains constant, i.e., (R )28 ' = R28.
A C
F ig u r e  7.7 Schematic drawing of recrystallization phenomena: material is 
dissolving from the edges ofthe crystals, and deposited again on top and bottoms 
of the {001} faces.
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Figure 7.8 Solvent diffusion within the tricosane dendrites: A part of the solvent 
molecules diffuses to the edges; the rest diffuses towards each other, creating 
entire holes.
7.5.2 Uptake ofsolvent material and sweating it out again
The mechanism mentioned above cannot explain the occurrence of holes in the 
middle of many dendrites. The change of Gibbs free energy for the creation of a hole 
in a thin n-alkane crystal equals
AG(r) = AGbulk + AGsurface > (^ 3)
or
AG(r ) = +nr28An -  2nr2y 001 + 2nr8y side. (74)
Here r  is the radius of the hole, 8 the crystal thickness, A/i the driving force for 
growth. Assuming low supersaturation one obtains
AG(r) = - 2nr2 y  001 + 2nr8Y d  (75)
The critical radius r* for a hole, which should grow out, can be found by 
solving this equation for dAG/d r  = 0 , hence
r * = 8Y side (7.6)
2 Y 001
This equation simply implies that the critical radius must be in the order of the 
crystal thickness 8, assuming surface energies of the same order. The activation 
barrier for forming a hole with this critical radius and its subsequent expansion equals
AG* = AG (*  ) = i 8 ! z k  (7.7)
2 y00i '  ’
Taking 8 ~ 1 |im and yside ~ y001 = 30 mJm-2 (van Hoof et al., 1998b) one 
obtains AG*/kT = 7106, which is extremely high. It is obvious that the forming of 
such large holes spontaneously, which radius should be at least in the order of several
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hundred nanometers, can therefore be neglected. This implies that such holes must be 
induced by a certain "heterogeneous nucleation" mechanism.
In figure 7.8 a probable mechanism is proposed for the creation of the holes in 
the paraffin dendrites. Consider that during growth a certain amount of solvent 
material is built in the crystal. Since the solvent used is also an n-alkane, i.e., decane, 
and probably the crystallizing polymorph is the rotator phase, solvent uptake is 
probably not too difficult. Moreover since in the rotator phase is hexagonal and lacks 
order in the {001} plane, diffusion of dodecane solvent molecules within this plane is 
a quite possible mechanism leading to this segregation phenomena. For the initially 
disc shaped crystal depicted in figure 7.8, solvent molecules may diffuse in-plane 
towards the edge or accumulate somewhere in the middle, leading to the generation of 
holes. Stress fields of dislocations perpendicular to the {001} planes may enhance this
*
process. Once such a hole exceeds its critical radius r , then it will expand by 
recrystallization as mentioned above.
7.6 Conclusion and discussion
It is shown that paraffin dendrites can be grown from solution using our in-situ 
Bridgeman furnace. However, to explain the capricious morphologies observed, 
additional factors have to be considered, making these crystals more complex than 
"traditionally" melt-grown dendrites, such as SCN.
The anomalous shapes of the paraffin dendrites observed are explained by 
considering that the morphologically unstable patterns tend to minimize their excess 
of surface energy after growth as is observed for tricosane and pentacosane. The most 
effective way to minimize the surface free energy of these extremely thin crystals is 
by increasing their thickness. However, for the longer chain paraffin, dotriacontane, 
this post-growth recrystallization is not observed, due to a large 2D-nucleation barrier 
for thickness growth. The formation of holes in the dendrites is explained by post­
growth transport and subsequent segregation of decane as an impurity in the crystals, 
i.e. sweating out of solvent material. All these anomalous shapes observed could also 
be regarded as transition shapes of an aging process of freshly grown dendrites, which 
appears on very small time scale.
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A mixed Monte Carlo - Diffusion Limited 
Aggregation model I: compact, fractal and 
network morphologies in solution growth
A model which integrates the Multi Particle Diffusion Limited Aggregation 
and the Monte Carlo model to study crystal growth in two and three dimensions from 
solution is presented. Simulations are carried out in a box of fixed size, which is 
initially filled with a given fraction of random walkers. A variety of morphologies, 
ranging from facetted crystals, via hopper and dendritic crystals to fractals and 
networks is obtained for different supersaturations and initial concentrations. 
Attention is also given to the recrystallization of initially morphologically unstable 
patterns directly after growth. It is shown that all input parameters are simple 
thermodynamic quantities, like melting temperature, crystallization temperature, 
solute concentration, diffusion coefficient and the enthalpy of fusion of the growing 
material.
Chapter 8
8.1 Introduction
The growth of morphologically unstable crystals has been studied for ages. 
For example, Kepler already was able to associate the shape of a snowflake in terms 
of a hexagonal arrangement of close-packed spheres in the early 17th century (Janner, 
1997; Kepler, 1611). Although, the morphology of snowflakes is still not fully 
understood (Janner, 1997) a lot of insight has been gained for the general concepts of 
morphologically unstable patterns. In the last thirty years many computer simulation 
models have been introduced for various crystal growth processes. These models can 
be divided merely into two major classes, depending on the kinetics at the growing 
crystal surfaces or transport of building blocks towards the growing interface. The 
Monte Carlo (MC) model developed by Gilmer and Bennema (Gilmer & Bennema, 
1972a; Gilmer & Bennema, 1972b) is a good example of the first class of models. The 
Diffusion Limited Aggregation (DLA) model developed by Witten and Sander 
(Witten & Sander, 1981; Witten & Sander, 1983) is good representative of the second 
class. Since the growth of morphologically unstable patterns is an interplay between 
surface kinetics and transport of growth units, integration of MC and DLA models is 
expected to allow a detailed study of morphologically unstable patterns.
Saito and Ueta (Saito & Ueta, 1989) integrated the DLA and MC model and 
related it with the equilibrium shape of an Ising crystal. For increasing supersaturation 
they found a transition from facetted to dendritic and fractal crystals. Krukowski and 
Rosenberger (Krukowski & Rosenberger, 1994) and Krukowski and Tedenac 
(Krukowski & Tedenac, 1996; Krukowski & Tedenac, 1999) also presented an 
integrated MC-DLA model, but focus their efforts merely on growth from the vapor 
phase using a similar approach as Xiao, Alexander and Rosenberger (Saito & Ueta, 
1989; Xiao et al., 1988; Xiao, Alexander & Rosenberger, 1990; Xiao, Alexander & 
Rosenberger, 1991; Xiao, Alexander & Rosenberger, 1993).
Before performing a simulation of morphologically unstable patterns a model,
i.e., a description of all physical "states" that are possible has to be formulated. 
Besides this set of states, a set of physical "rules" acting on the system, which 
describe the dynamics of the system, is necessary (van der Eerden, 1995). To integrate 
surface kinetics and diffusion models, one has to realize that each process has its own 
time- and length-scale. This implies that the rules that govern the dynamics of both 
systems have to be coupled. In classical Molecular Dynamics (MD) simulations for 
example, the positions and velocities of each particle describe one microscopic state. 
To give a good description of the dynamics of the system, a time scale of ~10 fsec 
(van der Eerden, 1995) is needed to compute the next microscopic state. This 
extremely small time increment implies that practically unrealizable amounts of
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computer power are needed to model entire crystal growth processes, such as those 
leading to morphologically unstable patterns. To overcome this problem, MC models 
are very powerful, since these models use clear distinct states of specific Growth 
Units (GU’s) and therefore allow much larger time scales. On the other hand the 
introduction of distinct states makes the simulation to loose a part of its dynamic 
freedom. This shows that although a MD simulation would be a good method for the 
future to simulate entire crystallization processes, including the dynamics of possible 
recrystallization effects, until now only an integrated MC-DLA model is within the 
reach of reasonable simulation times.
Directly after growth, morphologically unstable patterns will try to minimize 
their energy by reducing the total surface area. It is shown for many crystals that post­
growth history largely determines the final morphology. A well known example, 
already shown in the 1950s, is the growth of dendritic ammonium chloride crystals, 
which immediately after growth minimize their surface energy by breaking off the 
dendritic arms, which turn into small, elongated single crystals (Saratovkin, 1959). 
This example shows that growth and recrystallization act simultaneously, each on its 
own time scale, and influence the crystal morphology differently. However, in many 
cases the time scale of this recrystallization effect, is larger than that of growth. In 
these cases the final morphology is less influenced by the recrystallization and 
dendrites with "smooth" interfaces are obtained. The effect of recrystallization may 
sometimes be rather profound, like in the Bridgeman grown tricosane dendrites of 
chapter 6 or for thin film co-block polymers (Reiter & Sommer, 2000; Sommer & 
Reiter, 2000). Note that in the case of the tricosane crystals, the formation of smooth 
anomalous dendrites is emphasized by the uptake and sweating out afterwards of 
solvent material as shown in chapter 6 of this thesis.
This chapter is organized as follows. First our integrated MC-DLA computer 
simulation model will be presented by introducing the transport part and the surface 
kinetics part successively. Their relation to models previously presented in literature 
as well as a thermodynamic interpretation will also be given. Then simulation results 
of the model will be presented in section 8.3.
8.2 The model
8.2.1 Transport
The original Diffusion Limited Aggregation (DLA) model of Witten and 
Sander (Witten & Sander, 1981; Witten & Sander, 1983) gained a lot of attention in 
the last two decades, since it gives a simple and illustrative description of crystal
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growth that is entirely determined by diffusion. In this model, random walkers are 
released successively on a two-dimensional grid at a distance S from a central 
aggregate as is illustrated in figure 8.1. The random walker is allowed to make one 
random move across the grid each time step until it reaches the central aggregate. At 
this place, the random walker is irreversibly frozen, made part of the aggregate and a 
new one is released. The simulation is stopped after a certain number of random 
walkers.
F ig u re  8.1 Simplified Diffusion Limited Aggregation model as used by Witten and 
Sander (Witten & Sander, 1981; Witten & Sander, 1983).
In this model, transport only takes place via diffusion, implying that 
convection as well as migration are neglected, which is simulated by random walks of 
the GU’s in the solution on an underlying square lattice of dimension d and a lattice 
constant X. The probability to find a walker at a lattice position r after k time 
intervals T is given by the recursive relation (Alexander, 1995):
(2 d
X  Pk ( ? + nfi)
i=1
1 - 2dT Pk (?). (8.1)
Here ns (i=1, ..., 2d) are the 2d unit vectors pointing to each of the neighbor lattice 
sites, which are in a two-dimensional simulation, of course, one lattice point up, 
down, left or right. Since an underlying grid is used for the simulations, this implies 
that a GU can only move to a free nearest neighbor lattice point, as denoted by the
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first part of the right hand side of equation (8.1), or does nothing, as represented by 
the second part. The probability distribution Pk( r ) is proportional to the 
concentration of random walkers C (r , t). Equation (8.1) can also be regarded as a 
finite difference form of the diffusion equation. In the limit of T-^0 and X-^0 we find 
Fick’s second law:
—  = DV2C . (8.2)
dt V ;
Here D  = X2/ t  is the diffusion constant, which will be an input parameter for our 
simulations. It can be seen from equation (8.1) that the time scale T of the simulation 
should be taken smaller than X2/2 d . For a two dimensional simulation, this leads to 
the maximal value of D=0.25, implying that at each time step the random walker is 
forced to move to one of the four possible directions.
The Multi Particle Diffusion Limited Aggregation (MDLA) (Voss, 1984a; 
Voss, 1984b) model is a variation of the DLA model, in which the simulation starts 
with a given fraction of the square lattice filled with random walkers. Random walks 
are executed simultaneously for all particles present in the simulation box. If a particle 
hits the growing aggregate it becomes irreversibly part of it, similar to the original 
DLA model. In this model, the initial concentration of random walkers influences the 
Haussdorf dimension of the fractals grown only if the initial fraction is large, 
otherwise identical fractals as compared to the DLA simulations are obtained. The 
simulation is now stopped when all particles are crystallized. Note that in this case the 
situation may arise that the selected random move forces the random walker into a site 
that is already occupied by another random walker. In this case the selected random 
walk is not executed and selecting another random walker continues the simulation.
In our MC-DLA model, the mean free path XMP of a GU is equal to one lattice 
spacing X. We assume that this is a good approach for modeling growth from solution. 
For vapor growth XMP is much larger, although depending on the concentration of the 
vapor itself, resulting in ballistic types of depositions. In this case, the random walk 
based on an underlying lattice as used in our model, has to be replaced by a Pearson 
random walk (Krukowski & Tedenac, 1996; Montroll & West, 1979). Here a random 
walker undergoing a single diffusion step in two-dimensions is moved to a position 
r’, which is XMP further away from its initial position r , with a randomly chosen 
direction d e [0, 2n]. In this way no underlying lattice is necessary for the transport 
part of the model and the effect of free mean paths much larger than the crystal size 
can be studied. For integrated MC-DLA models for vapor growth the reader is 
referred to the XAR model of Xiao, Alexander and Rosenberger (Xiao et al., 1988; 
Xiao et al., 1990; Xiao et al., 1991; Xiao et al., 1993) or the KR model of Krukowski
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and Rosenberger (Krukowski & Rosenberger, 1994; Krukowski & Tedenac, 1996; 
Krukowski & Tedenac, 1999). Note, that if a Pearson-like walk is introduced with 
XMP in the order of the crystal lattice X itself or less, the diffusion process would be 
similar to our lattice based model.
Using DLA or MDLA in two dimensions, fractals are obtained, which are 
characteristic for growth patterns entirely dominated by diffusion. Fractals differ from 
compact structures by their Hausdorff dimension D. Compact structures have a 
integer value of the Hausdorff dimension, while fractals are open structures 
characterized by non-integer values. DLA and MDLA grown aggregates in a two­
dimensional space have a typical value of Df ~ 1.7, which is also found for 
experimentally obtained aggregates which growth is limited by diffusion. For 
example, in electrodeposition of metals, fractal-like patterns are formed at low 
electrolyte concentration and low voltages (Grier, Kessler & Sander, 1987). At these 
conditions, the positive cations are surrounded by a neutralizing solvent, so the 
cations can be regarded as random walkers. Moreover, the kinetics at the cathode is so 
fast that no relaxation of absorbed units at the surface can take place. If the applied 
voltage is increased, electric field driven migration of the growth units will become 
the main mechanism of transport and radial deposits are obtained (Grier et al., 1987; 
Koshel, 1997). Other examples of DLA patterns are dielectric breakdowns (Niemeyer, 
Pietronero & Wiesman, 1984) or clusters of dust particles.
8.2.2 Surface kinetics
Monte Carlo (MC) models have been used extensively to study various surface 
phenomena, such as roughening transitions (Leamy, Gilmer & Jackson, 1975; 
Swendsen, 1977), growth mechanisms (Gilmer & Bennema, 1972a; Gilmer & 
Bennema, 1972b) or properties of adsorbed monolayers (Binder & Landau, 1976). 
The MC-model developed by Gilmer and Bennema (Gilmer & Bennema, 1972a; 
Gilmer & Bennema, 1972b) is based on different transition probabilities for surface 
processes, such as attachment, surface diffusion and detachment of GU’s, depending 
on the (dimensionless) interaction energy )/kT  between neighboring GU's and the 
(dimensionless) supersaturation A/i/kT applied to the system. Here k represents 
Boltzmann's constant and T is the temperature. As shown in figure 8.2, in their 
original representation, the crystal surface is described by a matrix of local heights 
with periodic boundaries at the edges of the matrix. The entire simulation consists of 
choosing the dimensionless input parameters )/kT  and Ai/kT  and, after relaxation of 
the surface, performing a large number of MC trials onto this surface. A single MC 
trial consists of first selecting a growth site randomly, followed by performing an
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action, to either increase (grow), decrease (etch) or leave the local height unchanged 
(do nothing) according to probabilities based on Boltzmann statistics (Gilmer & 
Bennema, 1972a; Gilmer & Bennema, 1972b). After a large number of MC trials, the 
surface is assumed to reach a steady state and various physical quantities, such as 
growth rate, surface roughness or heat capacities can be determined. In order to 
integrate this MC model with the DLA model of Witten and Sander, some 
modifications of the surface representation and the probabilities used have to be made.
F ig u re  8.2 Representation of a crystal structure used for the Monte Carlo 
simulations by Gilmer and Bennema (Gilmer & Bennema, 1972a; Gilmer & 
Bennema, 1972b). The value of the matrix on the right corresponds with the 
surface height of the corresponding position. In this example an arbitrary height of 
1 and 2 is given. K+ denotes the probability to attach a GU, K- the detachment 
probability.
Representing the surface matrix by local heights implies a Solid on Solid 
(SOS) condition, which means that during the simulation addition and removal of 
only those GUs is allowed which come or are on top of other solidified particles. In 
this way vacancies are impossible and "overhanging" structures that are characteristic 
for non-dense morphologies, such as dendrites or fractals cannot be formed. 
Therefore, in our model we will use a two- or three-dimensional lattice similar to the 
DLA model, in which the particle type is stored, i.e. solvated, crystallized or solvent. 
In this way the number of GU's will be fixed during the entire simulation; only the 
ratio of solid and solvated GU's varies.
A second difference between our representation and the original MC model of 
Gilmer and Bennema is the interpretation of the supersaturation. The (dis)advantage 
of using MC above MD simulations is that a clear distinction between the different 
phases of the GU's is made. In our model two different states of the GU's are used, i.e. 
crystallized and dissolved. The crystallized GU occurs in 4 or 6 subcategories, 
depending on the dimension of the simulation (2D or 3D) respectively and the number 
of nearest neighbors that are in crystalline state. Note that in this perspective, a
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dissolved GU is independent of the number of nearest solid neighbors. In the 
following, we will denote the solid states G, where n  is the number of nearest 
neighbors, and Go denotes the solvated GU.
As mentioned above our simulations are carried out in a fixed volume, 
contrary to the original MC model of Gilmer and Bennema, and at constant 
temperature. This implies that the Helmholtz energy A( Gi) of state Gi can be written 
as:
Here ASvibr is the entropy of fusion, concerning the internal vibrations of the molecule, 
which we assume to be independent of the number of neighbors and 8i0 is the 
Kronecker delta function which equals one if i=0 and is zero otherwise. ASconf denotes 
the configuration entropy, which is implicitly included in our model by the confined 
volume, and can therefore be omitted in the further derivation of probabilities below. 
Note that we have used the Helmholtz free energy of a dissolved particle as a 
reference, i.e. A(Go) = 0. From thermodynamics and neglecting a difference in heat 
capacity between the liquid and dissolved GU's, we find that ASvibr equals AH/Tm, 
where AH  is the enthalpy of fusion and Tm the melting temperature. For a Kossel 
crystal of dimension d  the enthalpy of fusion is 2d0 per GU. This implies that we can 
formulate the following relation for ASvibr:
If we now define the actual temperature T as a fraction of the melting temperature, by 
introducing the dimensionless parameter y, via
then we find for the difference in (dimensionless) Helmholtz energy between a 
solvated GU and a crystallized GU, in which ASconf is omitted:
This equation simply implies that for i<yd, AA(Gj) is positive, implying that the extra 
energy gained by creating i  solid-solid bonds within the crystal is less than the 
vibrational entropy difference between the crystalline and solvated state and therefore 
thermodynamically unfavorable. This reason implies that sometimes the total 
Helmholtz energy of loosely bonded GU's may be positive, as notified by Krukowski 
and Tedenac (Krukowski & Tedenac, 1996), owing to the entropy of the system.
A(Gi ) -  -2 i§ -  T[(l-  àiü )ASvihr + ASconf ] . (8.3)
m
(8.4)
T -  yTm, (8.5)
AA(Gi ) -  2$(yd  -  i ) . (8.6)
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For the dynamics at the surface, we will use Boltzmann statistics, which 
implies that the probability W of changing a GU from one state to another depends on 
the energy difference between both states according to:
W ^  exp [- AA(G'i )]. (8.7)
For the crystallization processes one often takes the probability of addition, K+, 
independent of the number of neighbors, contrary to the dissolution probability K-, 
which depends on the number of crystallized neighbors (Gilmer & Bennema, 1972a; 
Gilmer & Bennema, 1972b).
At equilibrium, the flux of GU's from the bulk towards the surface, J+, equals 
the number of GU's leaving the surface, J-. Then the fraction of solid and liquid GU's 
will be fixed and the concentration of non-crystallized GU's present at the crystal 
surface, xsurf, will be equal to the bulk concentration x  itself. For both fluxes we can 
introduce:
J+ = v +K + N+ (8.8a)
2d
J ~ = v ~ 2 K - N -  , (8.8b)
i=i
where u+ and u- are the frequencies of attempting an attachment and detachment 
respectively with the corresponding probabilities K+ or K- respectively. N+ and Ni- 
denote the number of solvated GU's and solid GU's with i  neighbors, which are 
present at the crystal interface, respectively. Note that u+ and u- are introduced in our 
model to allow for choosing a specific ratio of attachment versus detachment each 
time a solidified or liquid GU is selected. In our model, the action to add a dissolved 
GU to the aggregate itself is only executed when the GU is forced to make a 
movement to a place that is already occupied by a previously crystallized GU. This 
assumption also directly couples the time scale of the DLA and the MC processes of 
our model, by:
v+ = v~ = ~~~ (8.9)
2dT
Furthermore, we will correlate the frequencies to the time scale of the diffusion 
process by introducing "sweeps". One sweep consists of choosing each GU once in a 
random order and depending on its state one of the actions mentioned below will be 
executed. Since we chose to select each GU once, u+ and u- are set to the time scale 
of one single bulk diffusion step as indicated in equation (8.9), although this sweep- 
approach allows us to chose a specific ratio between attachment and detachment 
attempts.
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Using Boltzmann statistics and assuming that the crystallization event is 
independent of the number of nearest neighbors, the probabilities for attachment and 
detachment will be given by:
K  + = 1 
K - = Ci exp " 20
( ■ \  
d -  — \
_ kTm { y  1
(8.10a)
(8.10b)
where C{ = iD  is a scaling constant to assure microscopic reversibility.
F ig u r e  8.3 Our mixed MC-DLA model, indicating the three different possible 
actions that occur upon selecting a GU (1) in the bulk (2) solidified or (3) at the 
interface. The fourth possibility, i.e. a GU entirely surrounded by other GU's, is 
not indicated since it never results in any action.
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8.2.3 Our MC-DLA model
In figure 8.3, our model is depicted schematically. Each view glass indicates a 
possible action of a randomly selected GU during one sweep. The following actions 
are executed if  such a GU is selected:
1. For a solvated GU that is totally surrounded by liquid or other solvated GU's a 
random movement step based on equation (8.1) is executed. Note that if a 
selected movement points onto an already solvated GU no action is performed.
2. If a solvated GU is selected with a position on the crystal surface, also equation 
(8.1) is used to determine its movement direction. If however, the direction is into 
the crystal, the GUs position is left unchanged and it is immediately solidified, 
since K+ = 1, as given in equation (8.9a).
3. If a crystallized GU is selected which is not totally surrounded by other 
crystallized GU's, evaporation is tried according to equation (8.9b). Note that this 
implies that the position of this GU is left unchanged and can only be changed in 
the next sweep.
4. A GU that is totally surrounded by other crystallized GU's is left untouched.
Although our model, shows large similarities with the Saito and Ueta model 
(Saito & Ueta, 1989), the interpretation of probabilities at the interface is different. In 
their model if  a random walker is selected that hits the surface after making a random 
movement, solidification is immediately tried. In this case they assume that surface 
kinetics is much faster than bulk diffusion. Moreover, they assume that the attachment 
probability depends in a similar way to the number of nearest neighbors as the 
detachment probability. In their model microscopic reversibility is assured via an 
extra scaling within the probabilities.
The total driving force, i.e. the supersaturation applied to the growth system,
o tot _ Xbulk Xeq , (8.11a)
Xeq
is composed of two parts, a supersaturation for transport towards the surface (8.11b) 
and one for crystallization (8.11c):
_ Xbulk Xsurf
t^ransport _  ^ (8.11b)
Gcryst _ ^ ---- -- . (8.11c)
Xsurf
Xsurf Xeq
Xeq
Since a closed system is considered, (Tbulk is only well defined at the beginning of the 
simulation. Here Xsurf and Xbulk denote the averaged surface and bulk concentration of
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GU's and Xeq the equilibrium concentration. The initial bulk concentration is an input 
parameter for the simulation; the equilibrium concentration is a "consequence" of the 
input parameters 0, T and Tm.
8.3 Results and discussion
According to the model mentioned above, we can distinguish the following 
different parameters: initial concentration of the growth units in the liquid, the 
effective bond strength between nearest neighbor particles, the melting temperature 
Tm of the crystal, the actual temperature T and the diffusion constant. In a 
dimensionless setting this implies the following four parameters:
- The initial fraction of solute x0 in a box with size NxN.
- The dimensionless bond strength with respect to the melting temperature of 
the crystal: 0  = 0/kTm.
- The simulation temperature, given as a fraction y  of the melting temperature 
Tm, according to equation (8.5).
- The diffusion constant D = X2 / t  , which determines the relative time scale 
between surface processes and diffusion in the bulk.
8.3.1 Observed Morphologies
In figure 8.4, nine different morphologies are depicted, which are obtained 
after 1-105 MC sweeps for different temperatures and bond strengths starting from a 
"strip" geometry. This geometry implies a solid substrate on the bottom of the NxN 
array at the beginning of the simulation, which cannot dissolve during the simulation. 
Periodic boundary conditions are only applied in the horizontal direction. The initial 
fraction of solute in the simulation box of size 100x100 is 0.4. The dimensionless 
bond strengths used are 0=1.0, 1.5 and 2.0. The dimensionless temperatures are 
respectively y=0.1, 0.3 and 0.5.
It can be seen that for low temperatures fractal-like morphologies are obtained 
that look similar to the characteristic (M)DLA patterns grown using an identical 
geometry (Argoul et al., 1988). This implies that these morphologies are entirely 
determined by diffusion and the time scale of the recrystallization process is much 
larger than that of the primary growth process. Fractals differ from compact 
morphologies by the fact that growth units that adhere to the aggregate are stable in 
time and hardly change their position. In this case the fractals lack the ability to 
reorganize their amount of surface area. A simple calculation shows that the
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probability of a singly bonded GU to dissolve, each time it is selected, is extremely 
small (5-10'32) for the simulation performed at y=0.1 and 0=2.0 and very small (810' 
) for the simulation performed at y=0.1 and 0=1.5. These small detachment 
probabilities lead to identical patterns as can be seen in figure 8.4. This shows that in 
the limit for T ^0, as long as 0  is finite, our model equals the MDLA model of Voss 
(Voss, 1984b).
F ig u r e  8.4 Observed morphologies for 0  = 1.0, 1.5 and 2.0 and the temperatures 
y=01, 0.3 andy=0.5 as indicated in the figure. All morphology images are made 
after 1-105 MC sweeps. The initial solute fraction is 0.4. Only the images that still 
show GUs floating in the solution are still subject to change and transform slowly 
to morphologies with a lesser amount ofsurface.
In figure 8.5, two fractals are presented, which are grown at y=0.05 and y=0.3 
and a dimensionless bond strength 0=1.5. These simulations are carried out starting 
with only one single fixed central GU in the middle of the simulation box of 300x300 
and an initial fraction GU's equal to 0.1. In this case periodic boundary conditions are 
applied in both the horizontal and vertical direction. It can be seen from figure 8.5b 
that not only in low temperature limit of our simulations, which approaches the 
MDLA model of Voss, fractals are obtained, but also for simulations performed at 
higher temperatures. The Hausdorff dimension, D , of the y=0.05 and y=0.3 fractals 
are 1.65 and 1.68 respectively. Both fractals slowly transform to a more compact
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structure due to the recrystallization, although the fractal at y=0.05, will probably not 
reach this compact structure within a reasonable simulation time.
F ig u r e  8.5 (left) Typical fractal aggregate with Df = 1.65, grown in a box of 
300x300 for y=0.05 and 0= 1 .5  onto an initial central substrate of one fixed GU. 
(right) Denser fractal grown at y=0.3 with Df = 1.68. The initial solute fraction is 
0.1 in both cases.
As is shown in figure 8.4, for increasing temperature, the morphology changes 
from fractal to more compact shapes. This gradual change in morphology was also 
observed in previous studies, using different integrated MC-DLA models, like that of 
Xiao and Alexander (XA) (Xiao et al., 1988), Saito and Ueta (SU) (Saito & Ueta, 
1989) and that of Krukowski, Rosenberger and Tedenac (KR) (Krukowski & 
Tedenac, 1996). This transition is also found by experiments (Grier et al., 1986). 
However there is an essential difference between these models and ours. The XA and 
KR models use a fixed diffusion boundary, which is kept constant during the 
simulation. In the growth form simulations, the SU model uses a particle reservoir 
box, which is placed far enough from the interface and is kept at a constant 
concentration of random walkers. Our model uses a fixed number of GU's within a 
fixed simulation box. This implies that the XA, KR and SU models all operate at 
constant supersaturation, while in our model the supersaturation gradually decreases 
to its equilibrium value. These different boundary conditions may explain the 
observed compact ^  fractal ^  compact transition in the SU-model for increasing 
difference in chemical potential between the solid and dissolved GU's, which was not 
found by our studies as shown above.
Figures 8.4 and 8.5, show that the higher temperature simulations lead to 
higher equilibrium solute concentration, which is proportional to the concentration of 
gray dots surrounding the aggregates at time t^<^. The aggregates formed in the
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simulations still showing dissolved GU's are more compact-like. Therefore, it can be 
concluded for this model, that the ability of recrystallization is directly related to a not 
too low equilibrium concentration. For the highest temperature simulations (j=0.5) 
depicted here, it can be noted that the growing crystals do not cover the entire space of 
the simulation box anymore and appear to be compact.
In figure 8.6, four images of three-dimensional simulations showing the 
transition from non-compact aggregates towards more compact structures growing 
with a two-dimensional nucleation mechanism for increasing temperature are 
depicted. In these images the dissolved GU's are omitted for the clarity of the figure. 
The high temperature images show nice facetted crystals, while the lower temperature 
appears to be subject to a Mullins and Sekerka type of instability (Mullins & Sekerka, 
1963; Mullins & Sekerka, 1964).
F ig u re  8.6 Four simulations performed in a three-dimensional cube o f30x30x30 
lattice sites for two different crystallization temperatures, (a) y=0.1, (b) y=0.3, (c) 
y=0.5 and (d) y=0.7. In all cases 0=1.0, x0 =0.4 and the number of sweeps is 
20.000. In the high temperature images, clearly facetted crystals are observed, 
while the low temperature crystals are fractal-like.
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The three other integrated MC-DLA models (XA, KR and SU) show that in 
between the fractal to compact morphology transition, dendrites and hopper-like 
shapes are obtained. Although in figure 8.7 two successive images of the formation of 
a hopper/dendrite like crystal are depicted, these patterns are difficult to simulate. To 
obtain these morphologies, an initially square seed crystal of a specific size and finely 
tuned parameters are needed. Our model is limited in size and since the 
supersaturation obujk, and thus also osurf, decreases in time, no steady state situation is 
created, which is necessary to form regular dendritic patterns. The other models 
mentioned above generate dendritic morphologies very well because of the steady 
state approach. Figure 8.7 shows that the growing crystal does not show a fully 
developed four-fold symmetry of the (quasi)-dendritic pattern.
F ig u r e  8.7 Two successive images of hopper/dendritic like morphologies. The 
parameters used are 0=3.0, y=0.7, xo=0.4 on an initially 20x20 sized square seed 
in a 500x500 sized simulation box. The snap-shots are made after 36000 (left) and 
100000 (right) MC-sweeps.
8.3.2 Evolution of the morphology in time
In figure 8.8, three successive stages of the development of a growing, 
morphologically unstable, crystal are shown for three different simulation runs, which 
are performed at y=0.2, 0.4 and 0.6 respectively, with 0=1.5 and x0=0.2. It can be 
seen that the growth rate is much slower for the higher temperature simulations, 
compared to the lower temperature ones. Note that the time-scale of the second image 
of the three simulations is taken at an earlier time for the low temperature simulation. 
In all simulations, the formation of the diffusion layer can be observed. Especially in 
the highest temperature simulation, the recrystallization after growth can be observed 
clearly, which results in more closed and rounded off forms. In the lowest temperature
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simulation, a network is formed. In our definition a network is an aggregate that is 
trying to grow out of its own simulation box in all directions, and results in an 
aggregate that entirely fills the simulation box. In terms of physics, here network are 
formed if a two-dimensional array of crystals nucleate, grow and interact with each 
other at the final stage of growth as a consequence of the periodic boundaries imposed 
to the simulations.
F ig u r e  8.8 Three in-time simulations performed aty=0.2 (above), y=0.4 (middle) 
andy=0.6 (below). The other parameters are 0=1.5, N=300x300, x0=0.2. In the 
lower left corner of each simulation, the number of MC-sweeps (x1000), i.e. time, 
is given. In the high temperature simulation, it can be seen that for 10000 MC- 
sweeps, a dendritic like morphology is observed which transforms into a seaweed 
pattern, due to the decreasing supersaturation and recrystallization effects.
8.3.3 Equilibrium concentration
At equilibrium, the Helmholtz energy of crystallized GU at a kink position, 
As(Gd) must be equal to the Helmholtz energy of a solvated GU A, implying:
AA(Gd) = Ai -  As(Gd) = AHd -  TAS + SConf = 0. (8.12)
According to the probabilities we have introduced above, this means that the 
concentration of GU’s present at the crystal surface xsuf must be constant during a
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single sweep. If this is the case, then this implies for our simulations that xsurf = xbu]k. 
Moreover, the addition probability from a kink position must equal the detachment 
probability in a kink position, hence for two-dimensions this implies that:
v +K + x,urf = V  C K . (8.13)
This expression results in the well-known solubility equation for ideal mixing 
behavior after applying equation (8.10):
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0,8 0.9 1
Figure 8.9 Calculated solubility curves according to equation 8.14 (gray) and 
simulated solubility curves (dark) for 0=1.0 0=1.5 (from left to right). Denoted is 
the solute fraction still present in solution versus the temperature. The simulation 
box is 100x100 and the initial solute fraction x0=0.4.
In figure 8.7, two simulated solubility curves are given for 0  = 1.0 and 0=1.5 
using an initial fraction x0 = 0.4. The simulations are performed on the one­
dimensional substrate with a size of 100x100, similar to the simulations presented in 
figure 8.4. All simulations are stopped after an equilibrium situation is reached, i.e.
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when the average number of solidified GU's remains constant in time. It can be seen 
that for both cases the curves fit quite well.
8.3.4 Network formation and recrystallization
As can be seen from the aggregates depicted in figure 8.4, networks are 
obtained for solutions with a large initial concentration. For higher temperatures these 
aggregates recrystallize within a reasonable simulation time. In figure 8.10, four snap 
shots of aggregate development are shown for a single simulation run with x0= 0.7, 
0=1.5, N=200x200 and y=0.7. As can be seen in figure 8.10a and 8.10b, a fractal like 
aggregate develops rapidly and covers the entire simulation box within 2000 sweeps. 
Meanwhile, the part of the aggregate situated behind the growth front starts to 
recrystallize, because it is subject to a lower supersaturation. This recrystallization 
process tends to minimize the amount of surface, resulting in a decreasing number of 
holes in time. This process where the smaller holes are "eaten" by the larger ones can 
be regarded as an Ostwald ripening process. Moreover these holes get a more 
rectangular shape, which closely resembles the equilibrium shape of crystallites at the 
same conditions (Krukowski & Tedenac, 1996; Saito & Ueta, 1989).
0 50 100 150 200 0 50 100 150 200
0 50 100 150 200 0 50 100 150 200
F ig u re  8.10 Network formation and network recrystallization. The number of 
MC-sweeps is 1000 (a), 2000 (b), 5000 (c) and 100.000 (d) for the four snap shots. 
The simulation is performed at 0=1.5, y=0.7 and x0=0.7 on a 200x200grid.
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In figure 8.11 the relative number of solid particles and the number of solid­
solid bonds present in the simulation box versus the number of sweeps (x1000) is 
depicted. Both curves are normalized to their maximum value within the entire 
simulation. Note that the first two points are omitted, i.e. after 1000 and 2000 sweeps, 
although in this time already the aggregate is almost completely formed as can be 
seen in the first two images of figure 8.10. From figure 8.11, it can be seen that the 
while relative number of solidified particles remains fixed, the number of solid-solid 
bond increases in time. This implies that the amount of solid-liquid interface 
decreases in time, as can also be deduced from the corresponding snap shots in the 
previous figure. In the same figure also the average number of bonds as a function of 
time is indicated, which removes the (correlated) noisy patterns of the other two 
graphs. For this particular simulation, the amounts of surface decreases with 
approximately 5% from sweep number 3000 to 100.000.
0.995 - 
0.99­
0.985 - 
0.98 - 
0,975 - 
0.97­
0.965 - 
0.96­
0.955
0.951-------------------------1------------ 1--------------------------------------1------------ 1------------ 1-------------------------
0 10 20 30 40 50 60 70 80 90 100
F ig u r e  8.11 Relative number of solid particles (black) and number of solid-solid 
interactions (grey) versus MC-sweeps (x1000) for the same simulation as used for 
the images of figure 8.10. All graphs are divided by their maximum value for an 
easy comparison. Note that the first two simulations are not included
For these recrystallization processes, the initial driving force Gbujk is 
approximately 9. The equilibrium concentration is found to be 0.061±0.005 at the end 
of the simulation process, while its theoretical value is 0.07 (equation 8.14).
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8.4 Conclusions
A model is presented for the simulation of solution grown aggregates based on 
the Multi Diffusion Limited Aggregation model (Voss, 1984a; Voss, 1984b) and a 
Monte Carlo model (Gilmer & Bennema, 1972a; Gilmer & Bennema, 1972b). A wide 
variety of morphologies can be obtained depending on the settings of the input 
parameters. These parameters are the dimensionless bond strength, the actual 
temperature for the simulation and the initial concentration. For constant bond 
strengths and intermediate initial concentrations, the well known transitions from 
facetted to hopper and dendritic to fractal-like patterns are observed. For high initial 
concentrations, no dendritic patterns are obtained, but networks. These networks 
recrystallize after growth depending on the chosen temperature, which determines the 
time scale at which this process takes place. For not too low temperatures, the 
recrystallization process causes the holes in the network to reduce in number and to 
increase in average size. This reduction of surface area is a manifestation of a process 
similar to Ostwald ripening, although the diffusion of GU’s takes place within the 
holes themselves.
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A mixed Monte Carlo - Diffusion Limited 
Aggregation model II: the growth of AB crystals
A mixed Diffusion Limited Aggregation - Monte Carlo model, which includes 
two different types of particles A and B, is presented. A fixed sized box is filled with 
a certain fraction of A and B molecules, which are allowed to diffuse, grow and etch 
on an initial substrate. It is shown that by varying the interaction parameters between 
equal and different molecules, mixed or separate crystals are grown. It is shown that 
diffusion makes that the supersaturation for both the individual species drops in a 
different time scale, hence, a different growth composition is observed in time.
Chapter 9
9.1 Introduction
Many important materials with industrial applications consist of mixed 
crystals. Alloys, semiconductor materials and ceramics are well known examples, but 
also in food and pharmaceutical industries, mixed crystals are important. The final 
product is always determined by two factors, its composition and the way of 
producing them. A nice example is making chocolate. The composition of 
triacylglycerols, which is in general different depending on the country of origin of 
the cacao beans, makes up the cacao butter and determines the quality of the 
chocolate. However, not only the composition of the fat is important for good 
chocolate, the way of making the chocolate is even more important. Besides the 
correct polymorph, the tiny fat crystals themselves have to be of good composition 
and size, giving chocolate its specific taste and mouth feeling. The way of producing 
chocolate is by applying a characteristic cooling profile to the molten chocolate.
Chocolate is not the only example that shows that many mixed crystals are 
produced far from thermodynamically equilibrium situations. Los and Floter (Los & 
Floter, 1999) recently derived a method to construct kinetic phase diagrams. Using 
these diagrams the effect of the supersaturation on the crystallization process can be 
introduced. Normally, phase diagrams only give the thermodynamically equilibrium 
situations for various compositions and neglect the kinetic effects of the process itself. 
An equilibrium state consists of one or several coexisting phases, making up a system 
with the lowest Gibbs free energy. All phases are in thermodynamical equilibrium 
with each other, and are of a homogeneous composition. Especially for processes 
involving crystallization, the assumption of homogeneous phases is questionable. 
Crystallization processes need a supersaturation, which again, results in crystalline 
phases that are grown away from thermodynamical equilibrium. From an industrial 
point of view, high supersaturations are favorable, because they result in the fastest 
production. Therefore, in many cases the state after crystallization is not the state with 
the lowest Gibbs free energy. Since equilibrium thermodynamics neglect the kinetic 
processes, such as the adsorption and detachment processes of particles at the solid­
liquid interface, surface diffusion and diffusion in the mother phase, the composition 
of mixed crystals would be independent of the crystallization method. By using 
kinetic phase diagrams (Los & Floter, 1999), as mentioned above, the extra parameter 
of supersaturation can be included. However, supersaturation is a local property 
within the crystallizer, both in time and space. Moreover, for batch processes the 
supersaturation will drop from its initial value to zero during the crystallization 
process. Since the supersaturation is also different for each compound, the decrease of 
supersaturation during the crystallization process differs for each component. This
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behavior implies that the composition of the mixed crystals formed in these processes 
may change, leading to an inhomogeneous solid state composition.
In this chapter, we will investigate to which extend mass transport in batch 
processes influences the solid state composition of mixed crystals. Using the MC- 
DLA model introduced in the previous chapter, now extended for an AB system, the 
role of diffusion on the crystallization process and the implications for the kinetic 
phase diagram is studied.
9.2 Mixed crystals in a ternary system
Before going to the thermodynamics of mixtures far from equilibrium, let us 
consider the equilibrium conditions of one solid and one liquid phase. To assure 
equilibrium in a system containing a liquid phase and two crystallizing components 
i=A, B, the chemical potential u of both components in the crystalline (s) as well as 
the dissolved phase (l) must equal, hence:
H  = U  . (9 1)
The chemical potential of component i  in phase P  (solid or liquid) can be described 
by:
u f  = ufo + RT l n ( f x f ). (9.2)
Here /if  is the chemical potential of the pure phase, xPand y f  the mole fraction
and activity coefficient of component i  in the mixed phase and R and T denote the gas 
constant and temperature respectively. The activity coefficient is related to the excess 
Gibbs free energy, Gexc, of mixing the species. The excess energy is the difference 
between the Gibbs free energy of an ideally mixed A-B solution and the total gibbs 
energy Gmix of the actual solution, hence:
gmx = x f g P0 + Xpg Pp0 + gjd + gexc . (9.3)
In this equation g p0 and g f 0 are the molar free Gibbs energies of the pure phases, 
and gid the molar ideal mixing free energy, which is given by:
gid = -  RT [xP ln(xp)+ xp ln(x f )]. (94) 
Hence, the sum of the ideal mixing behavior Gid and a deviation term Gexc give the 
total molar mixing free energy.
According to thermodynamics, the mixing term can be divided into an 
enthalpy and entropy term by using:
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mix (9 .5)
This relation is general and, o f course, can be applied to individual terms making up 
the total Gibbs energy as given by equation 9.3. For example gexc, can also be split up 
in hexc and sexc. In general, the excess entropy is relatively small compared to the 
excess enthalpy (Los & Floter, 1999; Oonk et al., 1998), this allows that the following 
approximation for gexc can be made:
where T is a temperature in the middle o f the temperature range o f interest. This 
relation shows that the number of parameters to describe Gexc may be small, which is 
o f course useful in many applications with little data available. One o f the most 
simple expressions to describe the molar free excess energy o f mixing o f a binary 
mixture are the two and three suffix Margules equations (Prausnitz, 1986), which are 
given by respectively:
Here Q eAB and O  ^  are the excess free energy interaction parameters. Note that the 
two-suffix Margules approximation assumes a symmetric behavior o f the AB crystals. 
This implies that a tiny amount o f A dissolved in B results in the same energy as B in
A. For the three-suffix M argules equation the two parameters may differ, allowing to 
introduce an assymtric mixing behavior. Although this latter model is more 
appropriate for practical applications, in our model we will only use the two-suffix 
Margules approach, since this is easier to incorporate. Note, that for mixtures of 
different TAGs, in general a three suffix Margules approach is desirable. For example, 
a binair mixture o f tripalmitate (16.16.16) and tristearate (18.18.18) is very 
asymmetric (Wesdorp, 1990), where only mixed crystals are formed with a small 
fraction o f tripalmitate. This can be understood by considering that TAG crystals are 
made up o f lamella-like layers composed o f the elongated TAG crystals, which must 
stack nicely onto each other to form a three-dimenisonal crystal. This stacking of 
layers will be unfavourable if  too long molecules (tristearate) are sticking out o f the 
lamella, while tripalmitate molecules are hardly noticed in lamella o f tristearate 
crystals.
A combination o f equations (9.1) and (9.2) shows that the equilibrium 
situation in a system, which is initially filled with a solution o f both compounds A and
B, will be made up o f two fractions, one in crystalline and the other one in solution 
state, each with its own composition. The initial dimensionless supersaturation of
species i  (A or B), o 0 , will be defined as:
(9.6)
(9.7)
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(9 .8)
Here x0 and x q^ are the initial fraction and equilibrium volume fraction o f species i
respectively.
9.2.1 Estimation the equilibrium situation
Since our simulation starts with supersaturated solution mix, the solid phase 
composition cannot be used as an input parameter. The actual xp resulting from the
M C-DLA simulations can, however, be compared to an estimated xp , which be found 
by solving a so-called flash calculation (Los et al, submitted). In our case, this 
concerns a binary system with the addition o f a solvent and is discussed below.
Consider that our system is filled with nA A-molecules, nB B-molecules and
nsoiv solvent molecules. After crystallization, one solid and one liquid phase is
S Lobtained, each with a fraction xi and xi o f species i. The amount o f solid and liquid 
material after crystallization will be denoted by NL and NS respectively. First, the mass 
balance equations for both species should be preserved:
where xsoiv=nsoiv/NL denotes the solvent fraction in the luquid phase. Third, each 
fraction o f A and B in the solid is in equilibrium with the liquid phase, which implies 
that for equation 9.1 must hold for both species. Using equation (9.2), this results in:
Here £i is the solvability fraction o f the pure compound i  given by the well-known 
equation o f ideal mixing:
where Ti is the melting temperature. By assuming ideal mixing in the liquid phase,
(9.9)
Second, the stoichomotry within the solid and liquid phase must hold:
(9.10)
(9.11)
(9.12)
y A and yB are equal to one (Wesdorp, 1990). The activity coefficients within the
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S Ssolid phase, i.e. Ya and Yb , o f a binary mixture, within the two-suffix Margulus
approach, are given by (Wesdorp, 1990):
Y a  =  e x p
Yb = exp
- ( x S )2 
- ( x A J
AHAB
RT
AHAB
RT
(9.13)
Note, that for non-ideal solutions AHAB ^ 0, hence, Ya and yB are not equal to one, 
which implies that equations (9.9-9.11) have to be solved implicitly to find xA and NS.
These values for the composition o f the solid phase and total amount of 
crystallized material the equilibrium values. For crystallization, the final morphology 
and composition o f mixed crystals itself is largely influenced by the path of
crystallization, which may lead to different values for x \  and NS. Because for each 
species the initial supersaturation is different, this leads to a different creation o f the 
diffusion layer in time. Hence, the concentration at the growing crystal surface will 
not only decrease, but also change in composition. Using the M C-DLA model, 
extended to an A-B system, the effect o f the crystallization path, i.e. diffusion, can be 
studied on the composition o f the crystalline phase in time, which is caused by the 
effect mentioned above.
9.3 The model
exc
exc
9.3.1 Background
In the previous chapter an integrated M onte Carlo - Diffusion Limited 
Aggregation (MC-DLA) model is presented to simulate the effect o f diffusion on 
crystal growth. The transport part o f the model is based on the Diffusion Limited 
Aggregation (DLA) model o f W itten and Sander (Witten & Sander, 1981; W itten & 
Sander, 1983). In this model random walkers are released successively on a tw o­
dimensional grid at a distance 8 from a central aggregate in the middle o f this grid. At 
the beginning o f the simulation, this aggregate is ju st one single lattice point, which is 
extended with one neighboring lattice point if  the random walker arrives there. After a 
certain number o f random walkers a fractal aggregate is obtained, which is 
characteristic for diffusion limited growth. Voss (Voss, 1984a; Voss, 1984b) 
introduced a slight variation to this model by filling the initial grid with a number of 
random walkers. In this M ulti-particle Diffusion Limited Aggregation (MDLA) 
model, each random walker is allowed to perform one single step and is again made
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part o f the central aggregate if  it hits the perimeter. In these models all surface events 
which are necessary for obtaining flat or smooth surfaces are neglected.
Gilmer and Bennema introduced a M onte Carlo (M C) simulation model, that 
neglects the effects o f bulk diffusion (Gilmer &  Bennema, 1972a; Gilmer &  
Bennema, 1972b), but introduces the effects o f surface processes. They assumed that 
the detachment o f a single Growth Unit (GU) depends on its number o f nearest 
neighbors, while the attachment o f such particle is not, but must be tuned to obtain 
equilibrium for a kink position at zero supersaturation. We integrated this model 
together with the M DLA model mentioned above to simulate both diffusion and 
surface events and to investigate their impact on the morphology o f the grown 
aggregates.
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F ig u re  9.1 Our mixed MC-DLA model for A and B particles, which are 
represented by the black and gray building blocks. The three view glasses indicate 
the three different, possible actions that occur after selecting a GU (1) in the bulk, 
(2) solidified or (3) at the interface. The fourth possibility, i.e. selecting a GU 
entirely surrounded by other GU's, is not indicated since it never results in any 
action.
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Figure 9.1 shows an example o f a small simulation box filled with building 
blocks in the crystalline and solvated phase, indicated by the filled squares. The 
difference between gray and black squares indicates whether the building block 
represents an A-type or B-type molecule. Since the simulations are performed in a 
fixed simulation box and at a fixed temperature T, the total Helmholtz energy o f the 
system asystem is given by the sum of the energy u and entropy parts. If  it is assumed 
that the volume o f a crystallized and dissolved GU is equal we may write for the total 
Gibbs energy o f the system gsystem-
g system hA + hB + hmix + T sA + sB + smix). (9.14)
For the Kossel implementation (in d-dimensions), the enthalpy o f pure solid A 
and B with respect to the pure liquid are given by:
AHp _ 2 ) p , (9.15)
where ) pp denotes the bond strength between two particles o f the same type P  (A or 
B). The entropy ASP o f the pure compound with respect to the pure luquid is given a
vibrational spvibr and a configurational part spconf , or:
s _  svibr | sconf _ 2 d )pp . sconf
sp _ sP + sP _ ^ ^ — + sP , (9.16)RT p
where TP is the melting temperature o f the pure compound. The mixing term o f the 
Gibbs energy is made up o f the interaction between different crystalline A and B  GUs, 
which results, again by omitting the excess mixing entropy term, in:
gmix _  gid + gexc _ -R T [x A ln x A + x Bln x B ]+^A b xAx B (917)
Here x \  and xB denote the fraction o f A and B in the crystalline phase. Note that
x \ + xsb =1. For an ideal mixing behavior, the difference interaction, ) AB, is the 
average o f that o f the individual interactions, hence:
_  2  S)AA + §BB) . (9 .18)
The excess interaction )Ab is the deviation o f this ideal behavior from the actual 
interaction between A and B molecules ) AB (= )BA for the two-suffix Margules 
approach), hence:
1
2  §AA + § B B ) + ) AB . (9 .19)
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The simulation starts by filling an initial cube simulation box o f size N  and 
lattice constant X with a random fraction xA and xB o f dissolved GUs o f molecule 
type A or B respectively. Moreover, the bottom of the cube is filled with an initial 
seed crystal with an identical random fraction xsA with that o f the bulk. This seed 
crystal cannot dissolve during the simulation. Periodic boundary conditions are 
applied in both horizontal directions.
The total fraction x0 is given by the sum of both individual fractions xA and
xB. The simulation is performed isothermally at temperature T During a single 
sweep each GU is selected once in a random order and according to its aggregation 
state and molecule type the following action is performed:
1. If  during sweep number k, a solvated GU at position r  is selected, which is 
totally surrounded by liquid or other solvated GU's, a random movement step to 
an adjacent site r  + n^ X is tried, where ni X is the difference vector that
corresponds to a possible adjacent site. In the three-dimensional Kossel model 
the number o f possible nearest neighbor sites is six. Drawing a random number 
z  e  [0,1] and applying equation (9.20), selects the direction number n .
(nj -  1 )D t/X2 < z  < n t D r/X 2 . (9 .20)
Here T the time scale o f the simulation and D  the diffusion constant, which are 
assumed to be equal for molecules o f type A and B. If  t < X2/2 d D , it can be 
shown that it is possible to leave a random walker untouched during a single 
sweep. No action is performed if  a direction is selected which is already 
occupied by another solute GU.
2. If  a solvated GU is selected with a position on the crystal surface, first a random 
movement is tried in a similar way as mentioned above. If, however, the 
direction o f this selected movement points into the crystal, the GU is not 
displaced but it is solidified if  for a new random number equation (9.21) holds:
z  < Kp (9.21)
In our all simulations, we choose that K~A _ KB _ 1, hence, if  a movement is 
selected into the crystal, the GU is solidified immediately.
3. If  a crystallized GU of type P  is selected, which is not totally surrounded by 
other crystallized GUs, dissolution is tried by drawing a new random number z 
and applying:
z  < Ci exp[- nAp)Ap/RT -  nBptysp/RT+ AHp/RTp ]_  Ci exp[-A G ]. (9.22)
9.3 .2  The actua l m ethod
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Here nAp and nBp indicate the number o f neighboring A and B type molecules 
and )Ap and )Bp the bond strengths o f molecule type p  with type A and B 
respectively. This relation is based on Boltzmann statistics and denotes the 
difference in Gibbs energy between a solute and solid GU with nAp and nBp 
neighbors. Ci=i is a constant to assure microscopic reversibility. Note that only 
the aggregation state o f the GU is changed and not change its position.
4. A GU that is totally surrounded by other crystallized GU's is left untouched.
9.4 Results
9.4.1 Mixed and separated crystals
To differentiate between separated and mixed crystals a  is introduced, which 
denotes the fraction o f non-identical nearest neighbors bonds within the crystal out of 
the total number o f bonds, i.e.:
a  = ---------- Nab---------- . (9 19)
n aa + n ab + n bb ^  )
Here NAA, NAB and NBB denote the number o f A-A, A-B and B-B bonds within the 
entire crystal respectively. Note that if  a~0.0 separation o f A and B is favorable and if  
a ~ 1.0 a checkerboard configured crystal is favored, i.e. non-identical types are 
preferred above identical bonds. If  a~0.5 a mixed crystal is favored, which is 
characterized by no real favored interaction type.
Figure 9.2 shows two typical examples o f a mixed crystal and separate 
crystals. The separation fraction a  is 0.19 for the separated aggregate and 0.47 for the 
mixed crystal. It can be seen that for the separated crystals, simultaneously regions of 
A and B crystals are grown as is characteristic for the growth o f eutectic crystals. 
Note that in this case, the borders between individual A and B crystals are not vertical, 
i.e. in the same direction as the overall growth direction. These non-vertical borders 
are the result o f not reaching a steady state during growth caused by the decreasing 
supersaturation. Note that the decrease in supersaturation as a function o f time is also 
different for both species.
180
A mixed MC-DLA model II: AB
a
F ig u r e  9.2 Two simulations showing two typical examples of mixed and separated 
crystals grown after 30.000 MC-sweeps in a 30x30x30 cube. The parameters used 
are (left) 0AA=2.2, 0BB=2.0, 0AB=2.1, TA=1.2, TB=1.0 and T=0.8. Note that in this
case (ftAS =0.0 and (right) 0AA=1.5, 0BB=1.6, 0BB=1.0, TA=1.0, TB=1.0 and T=0.75. 
Here 0 e/£=-0.55..
For both crystals depicted in figure 9.2, a layer wise growth mechanism can be 
observed which is o f course caused by the not too high initial supersaturation. For too 
high initial supersaturations, i.e. lower temperatures, morphological unstable patterns 
are obtained, which are similar to the fractal and network-like aggregates presented in 
the previous chapter.
T a b le  9.1 Estimated and simulated results of four different simulations 
performed for different excess energies. The experimental a  is also given.
AHAa
Experimental Theoretical
a
xA Ns xA Ns
-2.5 0.759 54700 0.786 46978 0.27
-1.5 0.662 65550 0.696 54142 0.37
-0.6 0.629 71700 0.637 61735 0.45
0.6 0.614 75940 0.619 68452 0.48
In table 9.1 the results o f four simulations are presented that show a gradual 
transition from separated crystals towards mixed crystals by increasing the excess
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enthalpy from -2.5 to 0.6. In table 9.1 the equilibrium crystalline composition xA and 
the total amount o f crystallized material NS, derived from solving equation (9.11­
9.13), are given. These values are in good agreement with the experimental obtained 
values, which are also tabulated. Two crystals grown which are grown with different 
excess energies, i.e. -2.5 and -0.6, are also depicted in figure 9.3. Table 9.1 shows that 
the estimated number o f crystallizing material is larger then the simulated value. This 
difference is always in the order of a few growth layers (60x60=3600), which shows 
that the growth o f the last layers is very difficult, probably due to a too small 
simulation time according to the two-dimensional nucleation barrier.
F ig u r e  9.3 Two simulations showing the two types of crystals grown after 30.000 
MC-sweeps in a 60x60x60 cube. The parameters used are(AA=1.1, TA=1.1, 
( BB=1.0, Tb= 1.0, and (j)AB=0.8 (left) and ( AB=1.0 (right). In both figures a layer- 
wise grown mechanism can be seen clearly, resulting in a smaller crystal for the 
simulation involving small non-identical nearest neighbor interaction, which is also
less mixed compared to the simulation involving the higher ( AB, i.e. lower (Ab .
From table 9.1 it can be concluded that the simulations are in good agreement 
with the equilibrium values. Because o f a difference in initial supersaturation, <7 A and
oB , which implies a different decrease in supersaturation o f both species at surface in 
time, the composition o f the solid phase is different in time. In figure 9.4, the 
composition o f the solid phase as a function o f time is given for both growth
processes depicted in figure 9.1, i.e., simulations with ideal behavior, i.e. (Ab ^0 and a
non-ideal behavior, i.e. (Ab =-0.55. It can be seen that for growing mixed crystals, the 
composition hardly changes in time. For the non-ideal behavior, a large increase of
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the more initially favored species, i.e. the highest o® , is observed. For both 
simulations, the composition value slowly converts to its equilibrium value, which are 
by solving equation (9.11-9.13), xA =0.616 and xA =0.610 for the ideal and non-ideal 
case respectively.
0.7 
0.69 
0.68 
0.67 
0.66 
0.65 
0.64 
0.63 
0.62 
0.61
0.6 ---------------------- 1---------------------- 1---------------------- 1---------------------- 1---------------------- 1----------------------1----------------------
0 5 10 15 20 25 30 35
C
F ig u r e  9.4 The solid phase fraction Xa as a function of the simulation time 
(x1000), for the simulations also depicted in figure 9.1. The dark line represents 
Qab =0.55 and the gray line^AC =0.0. It can be seen that the solid state composition 
must also change strongly from the bottom to the top of the crystal for a non-ideal 
mixing behavior and hardly change for non-ideal mixing The equilibrium value of
xA =0.61
Figure 9.5 shows the growth history o f the crystals depicted in figure 9.3. 
Especially for the two figures depicted above, which show the growth history o f  the 
crystal involving the higher excess energy, it can be seen that owing to the different 
decrease in supersaturation o f  both species in time, a  changes rather strong within the 
crystal. I f  the excess energy is lower, as depicted below in figure 9.3, a  changes 
hardly in time. This shows that, because the composition changes in time, diffusion 
influences growth only for the case when the excess energy is large, hence for crystals 
that are far from forming an ideal mixed crystal.
183
Chapter 9
F ig u r e  9.5 Growth history of the simulations depicted in figure 9.3. The two graphs 
above denote the number of particles (N), number of AA-bonds (NAA), AB-bonds 
(Nab) and BB-bonds (NBB) versus time (x2000 MC-sweeps) and a  versus time for
(AXb =-2.5. Below identical plots are depicted for the case that (AXb =-0.6. The other 
parameters used are(AA=1.1, TA=1.1, (f)BB=1.0 and TB=1.0.
9.5 Conclusion and discussion
It is shown that the mixed MC-DLA model for A and B particles, within a 
reasonable error, simulates the equilibrium situation o f the crystallization o f a binary 
mixture grown from a solvent. Although the overall composition estimated hardly 
changes from the composition derived from the simulations, it may change rather 
dramatically during growth. This causes crystals that are richer in the initially highest 
supersaturated compound in the beginning o f growth, while at the end o f growth the 
situation is o f course reversed. However, it is shown that this only occurs in binary 
mixtures that have high excess energies.
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ummary
Fats and oils are, despite the hype for “light” and “diet” products, still an 
important ingredient to food industry. Fats can be distinguished in three different 
polymorphs, a, which is merely used in spreads, ¡5 ’, which is used for margarine and
5 which is important for the preparation o f chocolate. Besides the polymorph used, 
always mixtures o f different fats are used in food industry. This thesis however only 
contains pure fats.
After the introductory chapter, in which the reader is acquainted with the 
different pure fats, the present status o f crystal morphology prediction models is 
presented. The goal o f these models is to predict the crystal morphology using the 
internal crystallographic structure o f the molecules as input. It is shown that, besides 
energetic criteria, also understanding o f the growth mechanism o f the crystals is 
necessary to understand the final crystal habit.
In chapters 3 and 4 are the predicted morphologies, based on the theory treated 
in chapter 2, compared to the experimentally observed habits. It is shown here, that 
for these crystals, the incorporation o f the growth mechanism is essential to 
understand their habit.
In chapter 5 the two-dimensional morphologies o f two different polymorphic 
fats are treated. It is shown that an analogue o f the morphology prediction models 
mentioned above can be used to understand the shapes o f growth spirals and tw o­
dimensional nuclei observed on the {001} faces o f these two polymorphic fats.
Chapter 6 shows the influence o f supersaturation towards the growth speed of 
the needle shaped fat crystals grown from different media. It is shown that the 
exponential to linear behavior o f the growth rate versus supersaturation curves is 
caused a transport limitation. For solution grown crystals this limitation is due to 
diffusion o f growth units within the solution towards the growing crystal interface 
itself. In the case o f melt growth, impurities present in the melt have to be put forward 
by the growing interface, and therefore limit the growth speed.
In chapter 7 the growth shapes o f fast growing paraffin crystals, which are 
grown using a temperature gradient are explained. Initially these shapes look like 
dendrites but show directly after growth large recrystallisation effects. This is 
exemplified by an increasing thickness o f the thin platelet crystals and furthermore by
the creation o f holes caused by “sweating” out o f solvent material. These 
recrystallisation effects shows a dramatic change in the shape, which makes the 
initially grown dendritic shape unrecognizable.
Chapter 8 and 9 describe a computer simulation model which describes the 
cooperation between transport and processes acting at the crystal surfaces. The 
Diffusion Limited Aggregation (DLA) model is used to describe the diffusion of 
growth units within the solution, while for the processes happening at the surface a 
Monte-Carlo model is used. One simulation described the crystal growth history o f a 
confined space, initially filled with a small seed crystal and a supersaturated solution. 
This model is given a thermodynamical interpretation and it shown that dissolution 
curves as a function o f enthalpy o f fusion and temperature can be simulated well. In 
chapter 8, the different morphologies occurring as a function o f increasing 
supersaturation are described, which are facetted, hopper and dendritic crystals to 
entire networks. Here a network is defined to be a crystal which entirely fills the 
available space. Furthermore, it is shown that besides crystal growth, recrystallization 
is important, especially when the equilibrium concentration is not too small. In 
chapter 9 the effect o f a binary system is treated, i.e. a system to which an extra 
growth unit, with different properties, is added. By changing the interaction between 
both species, mixed or separate crystals can be obtained. In some cases diffusion may 
cause a large difference to the composition, up to 10%, o f the mixed crystals during 
growth.
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amenvatting
Vetten en olien zijn ondanks de hype voor “light”- en “diet”-products nog 
steeds een belangrijk ingrediënt in veel voedselproducten. Vetten kan men 
ondescheiden in drie belangrijke polymorfen, a , die voornamelijk in spreads wordt 
gebruikt, ¡5 ’, voor de margarine en ¡5 voor de chocolade. Naast de polymorf, wordt er 
in de voedselindustrie altijd gebruik gemaakt van mengsels van verschillende vetten. 
Dit proefschrift bevat enkel en alleen “pure” vetten.
Nadat in het inleidende hoodstuk de lezer een introductie wordt gegeven over 
de verschillende pure vetten, wordt in hoofdstuk twee ingegaan op de huidige status 
van morfologie voorspellings modellen. Deze modellen hebben tot doel om vanuit de 
moleculaire structuur der kristalllen, de uiteindelijke vorm van het kristal zelf te 
voorspellen. Hierbij wordt ingegaan op de invloed van energetische criteria en die van 
het groeimechanisme op de uiteindelijke vorm van het kristal.
In de hoofdstukken 3 en 4 worden voorspelde morfologiën, op basis van de 
theorieën vermeld in hoofdstuk 2, van verschillende vetten vergeleken met 
geobserveerde vormen. Er wordt aangetoond, dat naast de energetische criteria, ook 
het groeimechanisme in acht genomen dient te worden, om de uiteindelijke vormte 
begrijpen.
In hoofdstuk 5 wordt ingegaan op de twee-dimensionale morfologie van vet- 
kristallen. Ook hierbij kan een vergelijkbare voorspellings methode worden gebruikt, 
als voor de drie-dimensionale morfologie behandeld in hoofdstuk 3 en 4, om de 
waargenomen vormen van groeispiralen en eilanden op de {001} vlakken van twee 
verschillende polymorfe vetten te begrijpen.
Hoofdstuk 6 beschrijft de invloed van de oververzadeging op de groeisnelheid 
van de naaldvormige vet-kristallen uit verschillende media. Er wordt aangetoond dat 
de overgang van een exponentieël naar lineair gedrag wordt veroorzaakt door een 
transport limitering. Voor de uit oplossing gegroeide kristallen betekend dit een 
limitering door vet-moleculen die vanuit de oplossing naar het oppervlak moeten 
worden diffunderen. Voor smeltgroei echter ontstaat de limitering doordat 
onzuiverheden door het groeiende kristaloppervlak vooruit geduwt dienen te worden.
In hoofdstuk 7 worden de groeivormen van zeer snel gegroeide paraffine 
kristallen, welke zijn verkregen door een sterk temperatuursgradiënt, beschreven.
Initieël lijken zich in het algemeen dendrieten te vormen, maar deze vertonen direct 
na de groei sterke rekristallisatie-verschijnselen. D it komt tot uiting in het dikker 
worden van de zeer dunne plaatvormige kristallen en de creatie van gaten door het 
“uitzweten van” oplosmiddel. Deze rekristallisatie gaat gepaard met een dramatische 
vorm-verandering, zodat van de oorspronkelijke dendriet-vorm weinig meer resteerd.
Hoofdstuk 8 en 9 beschrijven een computer-simulatie model dat de samenhang 
weergeeft tussen transport en oppervlakte processen. H et model gebruikt het Diffusie 
gelimiteerde groeimodel (DLA) voor de diffusie van groei-eenheden in de oplossing 
en een M onte-Carlo model voor de processen aan het oppervlak. Een enkele simulatie 
beschrijft de groei van een klein seed-kristal in een oververzadigde oplossing in een 
gesloten ruimte. Dit model wordt een thermodynamische interpretatie gegeven en laat 
zien dat oploscurves als functie van vormings-enthalpy en temperatuur goed 
gesimuleerd kunnen worden. In hoofdstuk 8 wordt ingegaan op de verschillende 
morfologiën die kunnen voorkomen als functie van de oververzadeging voor een 
zuiver kristal. Deze gaan via gefaceteerde kristallen, via hopper- en dendrietvormige 
over een complete netwerken. Waarbij onder een netwerk wordt verstaan dat de 
complete beschikbare ruimte is gevuld door het kristal. Verder wordt ook aangetoond 
dat naast kristallisatie ook het minimaliseren van oppervlak simultaan plaats vind en 
belangrijk is voor processen waarbij de evenwichtsconcentratie niet te klein is. In 
hoofdstuk 9 wordt het effect bekeken voor een binair systeem, dus een systeem 
waarbij een tweede groei-eenheid, met andere eigenschappen, is toegevoegd. Door de 
interactie tussen de verschillende groei-eenheden te veranderen kunnen gescheidde en 
mengkristallen verkregen worden. Het blijkt dat diffusie een grote rol kan spelen op 
de samenstelling van de vaste fase, tot wel 10 %, gedurende het kristallisatie proces.
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oe dit allemaal zo gekomen is
Dit proefschrift is natuurlijk niet tot stand gekomen zonder de hulp van velen. 
Hieronder staat het verhaal waarom het er nu zo uit is komen te zien. Eenieder die 
hieronder zijn naam weet te vinden bedank ik, tenzij expliciet vermeld. Eenieder die 
zijn naam mist, sorry, maar in ieder geval bedankt. M ocht er een tweede (herziene) 
druk komen dan zult u zeker vermeld worden. In ieder geval is het dankzij hen een 
bijna radicaal ander proefschrift geworden dan dat ik voor ogen had al dolend door de 
eifel ergens in juni 1996. M et W illem als co-promotor zou ik morfologische 
instabiliteit van kristallen gaan bestuderen. Na samen met Erik twee maanden later in 
het onovertroffen Durbuy een congres over modelling en kristallisatie bij te wonen, 
hoorde ik, tussen de eendeborst en champagne door, het woord “phase-field” . 
Geweldig, dé tool om dit te bestuderen. Programmaatje schrijven, runnen en de 
resultaten vergelijken met de experimenten die Valerie ondertussen had verkregen 
met de Schlieren microscoop. M et niet eens zoveel fantasie leken ze ook nog eens op 
elkaar. In ieder geval mooi om tijdens de ICCG te Jeruzalem, anderhalf jaar later, 
aldaar een mooi verhaaltje over te houden. Zo gezegd zo gedaan, zeker met de 
geweldige scriptie van W illemijn bij me dacht ik “Mij kan niets gebeuren” . Dus toch, 
na enkele discussies met Chaim Charach van de Negeb Universiteit in Israël bleek er 
een massa-lek in het model te zitten dat enkel met een kunstmatige vinger te dichten 
viel. Hierdoor werden de phase field simulaties op een iets andere termijnplanning 
geworpen.
Echter enkele maanden eerder had ik kennis gemaakt met Arjen van 
Langevelde en Kees van Malssen uit Amsterdam. O f ik een beta-prime voor ze wilde 
groeien, er was namelijk sprake van een groot hiaat in de kristallografische data-bank 
wat het betreft met vet-structuren. Tuurlijk, geen probleem, ik deed al wat vetten-werk 
in samenwerking met Jan Los en Piet-Hein van Dam en Kees Ceulemans van 
Unilever, m.b.t. sferulieten. Verder had Piet ook nog wel enkele onopgeloste vragen 
met betrekking tot de morfologie en groei-snelheids curves over chocolade vetten, 
gebaseerd op de paper van Skoda en van den Tempel uit de eerste uitgave van de 
Journal o f Crystal growth in 1967. Uit de nagelaten tabelletjes van Reinier, en nieuwe 
berekeningen m.b.v. Jacco en Steef, werd allereerst de morfologie opgelost. N a 124 
versies, allemaal gecorrigeerd door Hugo, resulteerde dit in taart aangezien de paper 
hierover was geaccepteerd. David en Daniel hielpen me ondetussen ook met het 
produceren van nog meer groei-curves, zodat het in ieder geval nog een tijdje zou
duren om ook dat andere probleem daterende van 1967 uit de wereld te helpen (zie 
hoofdstuk 6). Vetten bleek een succes, dus vond ik het ook nodig om mijn toenmalige 
buurman Marco, waar ik overigens nog minstens 20 zakken M & M ’s aan verschuldig 
ben, te vergezellen in de kelder om de vetten ook eens onder de AFM te bekijken. 
Ondanks dat krachtmetingen in boter lastig zijn, kwamen er toch geweldige plaatjes 
uit te voorschijn, zoals te zien is in hoofdstuk 5.
Dé beta prime voor Amsterdam heb ik nooit gegroeid, wel vele andere vetten, 
maar gelukkig is heden ten dage een beta prime structuur. Nee, er zijn er twee! 
Simultaan lostte de vetten- en “lottery!”-man bij uitstek, prof. K. Sato, een andere 
structuur op: compleet verschillend dan die uit Amsterdam, maar dat was ook niet zo 
erg aangezien het toch twee verschillende “pure” vetten betrof. In hoofdstuk 4, is 
mooi te zien dat in ieder geval de voorspelde en waargenomen morfologiën van beide 
vetten kloppen. Helaas valt hieruit ook te concluderen dat er niet een, ook geen twee, 
maar vele beta prime structuren zijn...
Jaap had ook samen ondertussen een kleine Bridgeman oven laten bouwen, die 
ik wel wilde testen met wat alkanen o f vetten. Samen met de engelse fransman Olivier 
heeft dit toch tot aardige plaatjes geleidt, die echter toch wat tijd nodig hadden om 
geïnterpreteerd te worden. N aar enkele brainstormsessies samen met W illem kwam 
hieruit hoofdstuk 6 gerold.
Terugkomend op de simulaties, ging ik maar iets anders doen, geen phase field 
maar iets minder gecompliceerd: Monte Carlo en Diffusion Limited Aggregation. 
Ofwel, miljoenen keren met dobbelsteentjes gooien om uit ongeregelde bende rode en 
blauwe deeltjes mooie nette geordende kristalletjes te simuleren. N a vele discussies 
met Jan Los, kreeg dit modelletje ook nog eens een fysische betekenis, zoals te zien in 
de laatste twee hoofdstukken.
Buiten het wetenschappelijk aantoonbare om wil ik allereerst de 
kamergenoten, Femke en Erik, noemen. D at ze het bij mij herrie hebben kunnen 
uithouden. Verder natuurlijk de FEESt commisie, deze zal nu moeten gaan 
klaberjacksen. Verder renden natuurlijk vele andere voorbij, van wie ik “heeft u terug 
van een Oink?” Jasper, barhangster Marlies, en “ik kom altijd net langs als er taart is” 
Michiel, expliciet wil noemen. Verder de Waterloo-ers, Arjan, Conny, Kim en 
Jolanda. En van de Graaf, Sworm en Kup niet te vergeten voor hun onbegrip over wat 
ik godsnaam aan het doen ben, maar wel vaak afwezig moest zijn voor een of andere 
conferentie o f bijeenkomst.
En niet te vergeten jou  Marianne. Je bent simpelweg geweldig.
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